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BIS Bioelectrical impedance spectroscopy
BMF Blood mimicking fluid
BMI Body mass index
BSC Backscatter coefficient
CFAR Constant false alarm rate
CV Coefficient of variation
DBF Dermal backflow
EAC Effective acoustic concentration
ESD Effective scatterer diameter
FI Focused imaging
FIR Finite impulse response
HK Homodyned-K
IBS Integrated backscatter coefficient
ICG Indocyanine green
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IQR Interquartile range
ISL International Society of Lymphology
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PWI Plane wave imaging
QUS Quantitative ultrasound
RF Radio-frequency
ROI Region-of-interest
ROC Receiver operating characteristic
SAM Scanning acoustic microscopy
SD Standard deviation
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1 Introduction
1.1 Need for characterization of LE skin
Secondary lymphedema (LE) causes swelling in limbs because of the lack of lymph
fluid function following surgery such as lymph node dissection in cancer therapy
[1]. To diagnose, classify, and follow LE, the only current gold standard is via
invasive diagnostic methods such as lymphoscintigraphy and indocyanine green
(ICG) lymphography. ICG lymphography has been shown to have higher sensitiv-
ity for subclinical LE compared to lymphoscintigraphy examination [2]. Moreover,
ICG lymphography can display the lymph vessel in the dermis or upper superfi-
cial fascia within a 2-cm depth from the epidermis [3]. However, both diagnostic
methods can only visualize the function of lymph fluid, but not tissue structure.
To classify the severity of LE, there are two categorizing methods. One is the In-
ternational Society of Lymphology (ISL) stage based on lymphoscintigraphy and
macroscopic findings, and the other is the dermal backflow (DBF) stage based on
ICG lymphography. These staging methods are mostly qualitative because clin-
icians rely on the macroscopic findings or images of lymphoscintigraphy or ICG
lymphography to classify the stages.
Considering the severity of LE and patient background, surgical treatments
such as lymphaticovenular anastomosis (LVA) and transplanting of a lymph node
are selected to control the disease by reconstructing the lymph fluid function.
The efficiency of LVA has been reported especially in middle severity of LE (ISL
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stages of late II and III) [4, 5, 6]. In contrast, the standardization of the surgical
treatments is still ongoing due to an unknown mechanism for a cure of LE. It is
important to prove the biological efficiency of lasting therapy, such as the lym-
phatic drainage massage, controlling LE by self-care. Thus, the mechanisms of
this cure and tissue features for capable of becoming LE are needed to be studied.
Bioelectrical impedance spectroscopy (BIS) has been suggested in many
studies [7, 8, 9] to be a useful tool for the detection of capable of becoming LE,
that is, detection before any clinical signs become visible. The point of focus in
BIS is to evaluate the bilateral difference especially in unilateral breast cancer. In
clinical sites, the sensitivity for the detection of LE has limitations in the patients
with bilateral breast cancer and lower limb.
Optical imaging and photoacoustic imaging technique have the possibility
to indicate the collagen fibers status [10, 11, 12] or to visualize the biochemi-
cal findings in a blood capillary [13, 14, 15] in skin tissues. It should be noted
that photoacoustic lymphangiography based on the photoacoustic imaging tech-
nique compromises to visualize both vein and lymph channel [16, 17]. The use of
two different laser wavelengths enables to image the discrimination between vein
and lymph channel on the basis of the different absorption properties between
hemoglobin and ICG [18, 19]. It is still necessary to inject ICG (i.e., invasive
approach), and also to construct of the clinical diagnostic impact due to high cost
of the modality. Although the depth resolution of these optical imaging methods
is higher (lower wavelength) than high-frequency ultrasound (> center frequency
15 MHz), a depth of field is limited less than 1 or 2 mm.
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1.2 Ultrasonic imaging of LE skin
Ultrasonic imaging method has the potential to be used as a non-invasive, early,
severity, and repeatable diagnostic method of LE. High-frequency ultrasound (>10
MHz) is typically used in dermatology for the observation of epidermis, dermis,
and hypodermis [20]. Ultrasonic imaging excels characterization of edema of LE.
The previous studies on LE using ultrasound imaging reported features related to
the B-mode image [21, 22, 23, 24]. These features focused on the echogenic lines,
echogenicity, and echo-free space grades at the dermis and hypodermis. Although
these grades were assumed to be related to tissue properties, but they were not
quantitative. Moreover, the analysis of echogenicity was based on using the tis-
sue harmonic imaging mode, which depends on the clinical system and its signal
processing strategies.
Ultrasound elastography provides quantitative information such as shear
wave speed and elastic modulus. Indeed, the difference in the skin stiffness of
negative and positive LE is important during a clinical examination to quantify
edema and fibrosis. There are several challenges for ultrasound elastography to
improve quantitative evaluation and reduce variability across different techniques
and systems, but basic studies for skin tissue have been reported [25, 26, 27]. Sev-
eral studies using shear wave elastography have shown that the shear wave speed
is higher for the limb with LE than that for the nondiseased limb [28, 29]. On the
contrary, assessment results using strain elastography have failed to demonstrate
decreased strains of the skin and hypodermal tissue in legs with LE compared to
healthy legs [30]. Hence, the association between the tissue properties of LE and
the stiffness of the skin still needs further study.
Independent system parameters are required to characterize the LE tissue
quantitatively. The basic approach is the application of the quantitative ultra-
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sound (QUS) technique [31, 32]. Ultrasound backscattering properties based on
QUS technique can be analyzed using two signal analysis methods: backscatter
coefficient (BSC) and envelope statistics analysis. QUS method to assess skin tis-
sue has been studied based on the ultrasound backscattering properties derived
from spectral estimation [33, 34, 35, 36, 37], that is, the statistical distribution of
the amplitude envelope [38, 39, 40].
1.3 Purpose of this study and thesis organization
Ultrasonic tissue characterization of lymphedema is expected in the clinical site
and Japanese Society. The final goal of this study is to establish the early, stage,
and quantitative diagnostic methods for preventing and better controlling LE. As
a preliminary study toward this goal, we aim to examine LE tissues, those fre-
quently adapt the surgical treatments, to have a new insight for better follow-up
of LE by means of QUS analysis and acoustic characterization. Acoustic charac-
terization considering the tissue microstructure such as histopathology can provide
detecting sources of scattering and deducing tissue-based scatterer models those
are useful to improve the sensitivity and accuracy of QUS analysis. In this study,
the QUS parameters based on the BSC analysis were evaluated to compare the
ultrasound backscattering properties between negative and positive LE dermis. In
parallel, the acoustic impedance of the same tissue was also analyzed using the
scanning acoustic microscopy (SAM) system to understand the relationship be-
tween ultrasound backscattering properties and acoustic properties. Furthermore,
the correlation between experimental and predicted QUS parameters was analyzed
to study the effect of the differences in microscale acoustic impedance contrast for
those in the macroscopic ultrasound backscattering properties. The findings from
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the predicted QUS parameter may provide adequate frequency bandwidth to dif-
ferentiate specific unknown scattering sources due to obtaining the BSC for a
broader range of frequencies. Furthermore, if the relationship were clarified, QUS
parameters could be useful as tools for quantitative follow-up, and staging diag-
nosis methods to evaluate the microscale scatterer structure of the skin only from
in vivo scanning.
Chapter 2 describes macroscopic QUS analysis of attenuation, backscatter
coefficients, and envelope statistical features from normal and diseased LE ex vivo.
Until now, the above features of backscattered echo signals from diseased LE have
not been quantitatively studied. This chapter makes additional contributions
about unknown backscatter properties of diseased LE, and also about the esti-
mation of scatterer information such as diameter and concentration. Besides, the
frequency (wavelength) dependence of attenuation and backscatter coefficients is
also described due to containing potential information reflected as different tissue
microstructure as mentioned in the previous study [41]. This perspective suggests
the contribution for adequate frequency bandwidth to characterize diseased LE.
Chapter 3 studies microscopic acoustic and histopathological properties also
from normal and diseased LE ex vivo. The acoustic property such as the acoustic
impedance of normal and diseased LE dermis is poorly understood so far. This
chapter newly characterizes microscopic acoustic impedance of the dermis theo-
retically related to backscatter echo signals. The histopathological feature such as
the progressive fibrosis of the hypodermis in diseased LE has been described in the
previous study [42]. This study additionally provide novelty about morphological
properties of both collagen and elastin fibers using digital histopathology.
In Chapter 4, integrated methods are newly developped to compare the BSC
based on different spatila features from backscattered signals, acoustic impedance,
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and histopathological images. This chapter contributes to provide predicting the
frequency dependence of tissue microstructure and detecting sources of scattering,
and then improves the sensitivity and accuracy of QUS analysis. In addition,
these integrated methods enable to bridge the effect of acoustic properties and
histopathological structure for QUS analysis.
Chapter 5 preliminary investigates the possibility of in vivo QUS character-
ization for the progress of the LE. Until now, B-mode echogenicity and echo-free-
space have been related to LE development [21, 22, 23], however the quantitative
analysis has not yet performed. We introduce QUS parameters to extract infor-
mation for the progress of the LE. In the current clinical examination, the quan-
titative follow-up is unsatisfied with better control of the LE. Definitive diagnosis
approaches such as lymphoscintigraphy and ICG lymphography are conducted
once before the operation, and then these approaches are not simultaneously done
after the operation. Hence, the continuously quantitative follow-up is useful if
QUS characterization has the classification performance between normal or pro-
gressed LE such as the ISL stage I to early II. That being said, we also explore the
potential of several QUS parameters for the classification ability of the LE stage.
Chapter 6 introduces the application of high-frame-rate (>1 kfps) imaging
to provide faster and more accurate in vivo scanning independent of body mo-
tions. Another strategy for high-frame-rate imaging is to increase general-purpose
versatility of QUS analysis in fast-moving tissues such as heart and blood ves-
sel. As a basic study, we confirmed the variations of the backscatter properties
on the current and high-frame-rate imagings [i.e., focused and plane wave imag-
ings (FI and PWI)] using homogeneous tissue-mimicking phantoms. Until now,
the variations of the BSC among different ultrasound scanners have been verified
[43, 44]. Furthermore, the usefulness of plane wave imaging for the BSC analysis
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has been reported [45]. The novelty of this study is to confirm these variations
systematically as compared to previous studies which used several single-element
concave transducers and several clinical scanners with linear probes. In addition,
the spatial feature such as the depth dependence of the BSC variations is par-
ticularly investigated for comparison between focused line-by-line and plane wave
imagings.
Chapter 7 develops the possibility using plane wave imaging for the analysis
of backscattering properties and fluid mechanics of moving scatterers such as an
erythrocyte. Until now, high-temporal-backscattering analysis during one pulsatile
cycle has never shown in moving cases. This section aims to characterize one
of the most dominant scatterers of biological tissues with the fast motion, e.g.,
erythrocyte aggregation, as a preliminary study of the high-temporal QUS analysis.
The result introduces experimental approaches of blood mimicking fluid (BMF)
and in-vivo carotid artery circulations.
Chapter 8 overall concludes this study and suggests views for future works.
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2 Attenuation, BSC, and
envelope statistical analyses
2.1 Introduction
Backscattered echo signal analysis methods based on BSC and envelope statis-
tics compromise QUS analysis for tissue characterization. The BSC is related to
scatterer information such as the diameter, shape, concentration, and acoustic
impedance. It is also calculated with calibrating system properties and compen-
sating attenuation in wave propagation. Hence, it can characterize skin tissue
because of the quantitative parameters that do not depend on the clinicians and
system properties.
The statistical approach based on the amplitude envelope is used as fea-
tures for tissue characterization. Because of statistical distribution parameters,
the probability density function of the amplitude envelope can be modeled to seg-
ment it into different scatterer structures [46, 47, 48] and to classify benign and
malignant tissue [49, 31, 50]. Of the different statistical distributions available for
envelope statistics analysis, the Homodyned-K (HK) distribution has been used
for the QUS technique. Another frequently used statistical distribution is the
Nakagami (NA) distribution, which is an approximation of the HK distribution
[32]. The HK distribution can model sparsely, densely located scatterers, including
periodically located components [51] such as collagen fibers. Although the NA dis-
tribution covers the same scatterer structure, the two shape parameters of the HK
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distribution are combined into one shape parameter of the NA distribution. The
envelope statistics analysis for skin tissue has also been summarized using other
statistical distributions, for instance, the Weibull and generalized gamma distri-
butions [38], and the use of NA and HK distribution properties for characterizing
skin tissue have been presented [52, 53].
LE with middle severity has several tissue properties such as inflammation,
fibrosis, and edema. Therefore, it is assumed that QUS parameters have different
features related to different ultrasound backscattering properties between negative
and positive LE skin. In this chapter, the QUS parameters based on features of the
BSC and those of envelope statistical analyses were evaluated to compare the ul-
trasound backscattering properties between negative and positive LE dermis. We
also analyzed the unknown attenuation and BSC to investigate their frequency de-
pendence without- and with-LE tissues. Four single element concave transducers
with the same f-number and different center frequency were used to cover the fre-
quency bandwidth in the range 9–47 MHz. Finally, we confirmed whether BSC and
envelope statistical benchmarks could characterize without- and with-LE tissues
in a specific frequency bandwidth of an only transducer.
2.2 Materials and methods
2.2.1 Human samples
This study was certified by the clinical research center at Chiba University Hospital
(identification number of 2310). Without- and with-LE tissues were respectively
noted as LE (−) and LE (+) from here on out. We examined 13 ex vivo skin
samples diagnosed LE (−) (n = 8) and LE (+) (n = 5). The diagnostic outcome
[LE (−) or LE (+)] was based on both the ISL and DBF stages. Note that patients
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Table 2.1: Profiles of four single element concave transducers.
with LE (+) were classified as having the ISL stage of early II and DBF stages
of III or IV. Although collecting same body parts between LE (−) and LE (+)
was impossible due to different surgical plans [breast reconstruction in LE (−) and
lymphaticovenular anastomosis in LE (+)], no differences between the abdomen
and thigh were observable in the lymphoscintigraphy and ICG lymphography.
The sampling location was defined as the lower abdomen around the navel and
the middle thigh (10 cm proximal to the patella with the knee joint extended).
The age and body mass index (BMI) of the LE (−) patients were 42–66 years and
22–39 kg/m2, respectively, whereas those of the LE (+) patients were 18–71 years
and 17–30 kg/m2, respectively.
Table 2.1 shows a breakdown of the patient information and the number of
subjects in each measurement experiment. The same dataset did not cover all
four transducers. The center frequency and −6 dB bandwidth were based on the
power spectrum of radio-frequency (RF) echo signal from an acrylic board at focus
depth. A point spread function (PSF) was calculated as −6 dB bandwidth from
the RF echo signal of a copper wire (diameter: 20 µm).
17
The LE (−) and LE (+) samples were dissected as redundant skin in breast
reconstruction surgery and lymphaticovenular anastomosis surgery, respectively.
Skin samples were cooled at approximately 0 ℃ soon after (within 5 min) being
excised. Ultrasonic measurement was conducted within one hour. Each ex vivo
skin sample was embedded within 3 wt% low-melting agarose (Agarose super LM;
Nacalai tesque, Kyoto, Japan) at 40 ℃. In embedding the skin sample, only the
epidermis was exposed on the packed agarose. Each skin sample was placed on an
acoustic board in a water tank at 20 ℃ to measure RF echo signals.
2.2.2 Data acquisition using laboratory-made scanner
RF echo signals were acquired in three-dimensional (3D) using a laboratory-made
ultrasonic scanner with four kinds of single element concave transducers (see in
Table 2.1). Each transducer was mechanically displaced along a three-axis linear
motor (MTN100CC, Newport, CA, USA). The scanning pitch was 50 µm (trans-
ducers I and II) and 30 µm (transducers III and IV) in the spatial direction, respec-
tively. Although the scanning volume was dependent on the size of the sample, the
maximum and minimum volumes (depth × lateral × slice directions) were 5 µs
× 20 mm × 20 mm and 5 µs × 5 mm × 10 mm, respectively. The focus depth in
each scan was located at the middle layer of the dermis. The transducers were ex-
cited using two types of an ultrasonic pulser/receiver, i.e., pulser/receiver I (Model
5800PR, Olympus, Tokyo, Japan) for transducers I and II, and pulser/receiver II
(Model DPR500, JSR Ultrasonics, NY, USA) for transducers III and IV. RF echo
signals were digitized on 12 bits and were sampled at 250 MHz using an oscillo-
scope (HDO6104, Lecroy, NY, USA). After the RF echo signals were acquired, the
signal analysis was performed offline on the computer.
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Figure 2.1: Transmission and reception sound field of four transducers. The
amplitude envelope was normalized at its maximum of each transducer.
2.2.3 ROI and localized analysis window
We considered the variance of the sound field and the signal-to-noise ratio (SNR),
and the region of interest (ROI) for the depth direction was limited to ± 1.5 mm
of the focus depth for each transducer. The transmission and reception sound
field of each transducer from the acrylic board is shown in Figure 2.1. This region
equaled to the distance from the epidermis to a boundary of the dermis and the
hypodermis, and the power of the envelope was greater than −20 dB bandwidth
in the transmission and reception sound field. In the ROI, a rectangular analysis
window was prepared to calculate the BSC in the localized region of the dermis.
The area of the analysis window was (depth) 0.8 mm × (lateral) 1.0 mm × (slice)
1.0 mm (128 × 20 × 20 pixels in transducers I and II, and 128 × 33 × 33 pixels
in transducers III and IV) under a center frequency of 14 MHz and speed of sound
of 1540 m/s. The local analysis window was shifted in 3D with 50% overlap.
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2.2.4 Spectral calculation and attenuation coefficient anal-
ysis
Here, 128-pixels (8 wavelengths) data in each scanline were gated by a Hanning
window function, Fourier transformed, and squared to calculate the power spec-
trum in the frequency domain. It was assumed that all RF segments inside an
analysis window had the same acoustic properties, e.g., a constant speed of sound
c (1540 m/s) in the dermis [36, 37]. To calculate attenuation and BSC, the power
spectrum within −6 dB bandwidth of signals backscattered from a reflector was
considered the useful frequency range. The localized total attenuation of αl in
dB/mm was basically computed from the normalized power spectrum as follows:
αl(f, d) = 8.686 loge
[
S(f,d)
Sref (f,d)
]
4d
, (2.1)
where S and Sref are mean power spectrum [a.u.] of the human sample– and
water–acrylic board signals at frequency f and depth position d, respectively. The
term of 8.686 is unit conversion from Np to dB scale. Furthermore, the attenuation
coefficient of αc [dB/mm/MHz] was calculated as a slope in the form αl(f)=αc
f 1+β using the least squares method.
2.2.5 BSC analysis
A total of 128 pixels data in each scanline were gated by a Hanning window func-
tion, Fourier transformed, and squared to calculate the power spectrum in the
frequency domain. To calculate the attenuation and BSC, the power spectrum
within −6 dB bandwidth of the echo signal from a reflector was chosen as the
useful frequency range. Figure 2.2 shows the schematic image of the BSC analy-
sis. The reflector method by Chen [54] and the compensation technique of tissue
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Figure 2.2: Schematic image of the reflector method.
attenuation by Oelze [55] were applied to calculate the BSC. An acrylic board was
used as a reflector. Its reflection coefficient relative to that of degassed water was
0.3. The reflection coefficient was calculated as (Zref − Zdw)/(Zref+Zdw), where
the acoustic impedance of the acrylic plate Zref and degassed water Zdw were 3.0
and 1.5 MRayl, respectively. The BSC was computed as
BSC(f, d) = 2.17
γ2F 2
A0∆z
Ssample(f, d)
Sref (f, d)
Att(f, d), (2.2)
where Ssample and Sref are the mean of the power spectrum at scanlines of 20 ×
20 pixels from the sample and the reflector, respectively, at frequency f and depth
position d. The first term is the beam diffraction correction function, where γ is
the reflection coefficient of the reflector, A0 is the aperture area, F is the focus
depth, and ∆d is the length of the analysis window. The attenuation compensation
function Att(f, d) is defined as
Att(f, d) = e4α0fx
(
2α0f∆d
1− e−2α0f∆d
)2 [
1 +
(
2α0f∆d
2pi
)2]2
, (2.3)
where x is the distance between the tissue surface and the top of the analysis
window. α0 of 0.21 dB/mm/MHz [37] was constantly applied as the attenuation
coefficient of the skin dermis. Our previous study [56] has revealed that the sim-
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ilarity frequency dependence of attenuation coefficient (in the range 9–47 MHz)
between LE (−) and LE (+) [median 0.22 dB/mm/MHz in LE (−) and median
0.29 dB/mm/MHz in LE (+)] which are comparable to that of those found by a
previous study of forearm normal dermis; median 0.21 dB/mm/MHz [interquartile
range (IQR) 0.08–0.39 dB/mm/MHz] [37]. Thus, we assumed that the attenua-
tion coefficient of both LE (−) and LE (+) had also same property within the
bandwidth in the current study.
As the feature of the BSC, the integrated BSC (IBS) was computed as
IBS =
1
fa − fb
∫ fb
fa
BSC(f)df, (2.4)
where the frequency ranges fa and fb were dependent on each transducer (9 to 19
MHz for transducer I; 19 to 29 MHz for transducer II; 29 to 39 MHz for transducer
III; 35 to 45 MHz for transducer IV).
The ultrasound backscattering properties were assumed to be randomly dis-
tributed scatterers that have simple geometric shapes, for example, a sphere, which
can be modeled as Gaussian scatterers representing continuous functions with vary-
ing acoustic impedance. The form factor describes the frequency dependence of
the ultrasound backscattering property in relation to the diameter and shape of
the scatterer [57]. Although the form factor for scatterers in skin dermis tissue,
for example, collagen fibers, was ambiguous because of dense packing factor and a
large variety of geometries describing the collagen bundle distribution [52], the ef-
fective scatterer diameter (ESD) and effective acoustic concentration (EAC) were
calculated by considering a Gaussian form factor [58]. Inverting the measurement
power spectrum with the theoretical power spectrum allows the estimation of ESD
and EAC [58]. Given that the ratio of the transducer radius and the distance from
the transducer to the analysis window is small, the BSC as a function of the
wavenumber k is
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10log10[BSC(k)]− 10log10k4 = ak2 + b, (2.5)
where
a = −8.27log10exp
√
ESD, (2.6)
b = EAC − 10log10
(
9
4ESD6
)
. (2.7)
We treated Equation 2.5 as a line (y = ax+ b) such that the slope a and the
intercept b become our parameters, which can be obtained from the data using
the least-squares method. Note that the ESD and EAC were both computed, as
shown in Equations 2.6 and 2.7.
2.2.6 Statistical characteristics of amplitude envelope
The echo amplitude envelope A, i.e., the modulus of the complex in-phase and
quadrature (IQ) complex signal, can be modeled as the sum of signals from several
numbers of sub-resolution scatterers within the resolution cell of the measurement
system [31]. IQ complex signal is expressed as
IQ =
n∑
i=1
aie
jθi . (2.8)
where ai and θi respectively are the amplitude and phase of the envelope
of the backscattered signal from each scatterer i, n is the number of scatterers.
ai depends on the size, shape, and acoustic impedance of each scatterer for the
surrounding medium. θi depends on the distribution of each scatterer.
When the size of scatterers is too large against a wavelength or the impedance
contrast between reflection components and surrounding mediums is also too high,
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a specular reflection signal appears on echo signal. Several kinds of scatterer
structure or acoustic impedance, i.e., uniformly distributed ai, and randomly dis-
tributed scatterers, i.e., also uniformly distributed θi, may occur giving rise to a
diffuse scattering (incoherent) signal from many sub-resolution scatterers [31, 32].
Moreover, periodically located (in a direction perpendicular to ultrasonic propaga-
tion) scatterers with constant impedance contrasts, i.e., non-uniformly distributed
but having a bias of ai or θi, are related to a coherent scattering signal [32].
In a homogeneous medium with high scatterer number density, i.e., nearly
identical and randomly distributed scatterers with large number n, the character-
istics of the echo amplitude envelope indicates as the speckle pattern in a B-mode
image [59]. In this case, the probability density function (PDF) of the echo am-
plitude envelope A can be approximated as the Rayleigh distribution [60]. The
Rayleigh distribution is defined as
PRA(A;σ) =
A
σ2
exp(− A
2
2σ2
), (2.9)
where σ is the mode value of the echo amplitude envelope.
When the scatterers are distributed inhomogeneously or when the scatterer
density is lower (< 10 scatterers per resolution cell) , however, the echo amplitude
envelope shows hypoechoic in a B-mode image [59]. In such a case, the PDF of the
echo amplitude envelope shows a pre-Rayleigh distribution [60], i.e., lower mean
and higher variance than the Rayleigh distribution.
Moreover, the PDF of the echo amplitude envelope is described as a post-
Rayleigh distribution, i.e., higher mean and lower variance than the Rayleigh dis-
tribution, when the scattering medium contains the presence of a coherent signal
component in addition to a speckle pattern component [61].
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Table 2.2: Definition of the statistical distributions. J0, Γ, and U correspond to
the Bessel function of the first kind of order 0, the gamma function, and the unit
step function.
2.2.7 Mathematical modeling using statistical distribution
The HK and NA distribution is well known as a statistical model that models a low
backscattering signals from such as a biological tissue and coherent signals with a
periodically located and constant-amplitude component [32], i.e., characteristics of
pre-Rayleigh, Rayleigh, and post-Rayleigh distribution. The HK and NA distribu-
tion parameters were focused for envelope statistical analysis to indicate statistical
backscattering properties of the skin dermis, that is, the HK scatterer clustering
parameter 1/α related to the scatterer homogeneity, the HK diffuse-to-total signal
power ratio 1/(κ+1) related to the presence of a coherent component [62, 51, 63],
and the NA shape parameterm related to the signal-to-noise ratio of the amplitude
envelope, scatterer number density, and acoustic impedance contrast (scatterer in-
homogeneity) [61]. The HK and NA distributions are defined in Table 2.2 . The
echo amplitude envelope A was calculated as the norm of the Hilbert transform of
the RF signal in each scan line. The unfiltered amplitude envelope was decimated
along the depth direction by a factor of 4 to have independent and identically
distributed pixels modeled by the statistical distribution.
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The moment method was developed to compute the HK distribution param-
eter (s, α, σ2) based on three statistics (I, X-statistics, and U -statistics) [32]. The
notation I is defined as 1/n
∑n
i=1(Ai)
2, X-statistics is defined as X = Ilog(I)/I,
and U -statistics is defined as U = log(I) − log(I). The solution algorithm to
compute the HK distribution parameter (s, α, σ2) is seen in the Reference [32] for
details. This solution algorithm requires two kinds of tolerances and a parameter
αmax to compute the parameter (α,γ). The two kinds of tolerances affect the iter-
ation count in the bisection method, whereas αmax is the upper limit of parameter
α. A tolerance of 10−4 and a reinforcement of 10−2 were adopted, which are the
same as those in Figures 4 and 5 of Reference [32], and αmax was set to 59.5, which
is the same as that in the algorithm of the reported method; choosing αmax > 59.5
did not result in significant changes, at least if 1/(κ+ 1) < 0.33.
We precomputed look-up-table of X-statistics and U -statistics as theoretical
input parameters, and parameter (α,γ) as output values like Figure 2.3. It was
found convenient to consider the parameter γ=κµ. The sets of input X-statistics
and U -statistics were prepared in the domains [0.45 : 0.01 : 4.00] and [−2.6 : 0.01
: −0.12], and the solution algorithm was applied. The parameters (α,γ) were the
nearest neighbor found by taking the Euclidean distance of the X-statistics and
U -statistics from the measurement values.
To calculate two parameters (m, Ω) of the NA distribution, a maximum
likelihood estimator using an ascent algorithm was applied based on the fitdist
function of MATLAB’s statistics and machine learning toolbox. The initial value
can be calculated as m = (I)2/V ar(I) and Ω = I, where V ar(I) = 1/n
∑n
i=1(Ai−
A)2 and A = 1/n
∑n
i=1(Ai).
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Figure 2.3: Look-up-table of X- and U -statistics as theoretical input parameters,
and parameter (α,γ) as output values
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2.3 Results
2.3.1 Spatial distribution of amplitude envelope
Figures 2.4 and 2.5 show the log-compressed amplitude envelope image for a cross-
section (B-plane) and its perpendicular section (C-plane) of LE (−) and LE (+),
respectively. These images were acquired from the same sample using transducers
I–IV, corresponding to Figures 2.4(a) – 2.4(d) and Figures 2.5(a)–2.5(d), respec-
tively. The epidermis (hyperechoic part on the surface), dermis, and hypodermis
layers are described in the B-planes of all transducers. In the C-plane, the circle-
shaped hypoechoic part has a diameter of approximately 1 mm in the dermis layer
[Figures 2.4(a-3) – 2.4(d-3)], and the 3D continuous specular reflection components
[Figures 2.4(a-5) – 2.4(d-5)] were visualized, especially in the LE (−) patients. In
contrast, the spatial distributions of the amplitude envelope in LE (+) were more
hypoechoic. In addition, the boundary between the dermis and hypodermis in
LE (+) was less clear than that in LE (−), as can be seen by comparing Figures
2.4(a-5) and 2.5(a-5).
2.3.2 Frequency dependence of attenuation and BSC
Figure 2.6 shows the frequency dependence of the attenuation through several
examples from each LE(−) and LE(+) patient. Note that the attenuation value
[dB/mm] in the analysis window where attenuation coefficient of αc [dB/cm/MHz]
is less than 0 was excepted to calculate the median and IQR of attenuation value
[dB/mm]. The linear fit lines were described by the least square method based on
all median values of the attenuation at each frequency. The slopes of the linear
fit line, i.e., attenuation coefficient, were 0.22 dB/mm/MHz in LE (−) and 0.29
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Figure 2.4: Spatial distributions of the amplitude envelope of patient #1 of LE
(−) in dB scale. (a) – (d) Measurement using transducers I to IV. (a-1 – d-1) B-
planes at the center cross-section of the sample. (a-2 – d-2) to (a-5 – d-5) C-planes
in each layer of the dermis correspond to the arrows in (a-1 – d-1). All images
were normalized at the same amplitude envelope at 4 µV.
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Figure 2.5: Spatial distributions of the amplitude envelope of patient #2 of LE
(+) in dB scale. (a) – (d) Measurement using transducers I to IV. (a-1 – d-1) B-
planes at the center cross-section of the sample. (a-2 – d-2) to (a-5 – d-5) C-planes
in each layer of the dermis correspond to the arrows in (a-1 – d-1). All images
were normalized at the same amplitude envelope at 4 µV.
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Figure 2.6: Frequency dependence of attenuation in (a) LE (−) and (b) LE (+) in
the range 9 to 47 MHz using four transducers. Triangles and error bars represent
the median and IQR, respectively. The results of the previous study of attenuation
(median and IQR) of in vivo human forearm dermis [37] are plotted (squares)
dB/mm/MHz in LE (+), which are comparable to that of a previous study into
forearm dermis (median of 0.21; IQR of 0.08 to 0.39 dB/mm/MHz [37]).
Figure 2.7 also shows the frequency dependence of the BSC in several exam-
ples of each patient with LE (−) and LE (+). As can be seen, all BSCs increased
linearly with increasing frequency. The tendency of the frequency dependence of
the BSC (median) in LE (−) was in the range 10−3 to 10−1 mm−1 sr−1, is also
comparable to the previous study (14 to 50 MHz [37]). The median BSC in LE
(+) was constantly 10% lower than that of LE (−) at each frequency. Regarding
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Figure 2.7: Frequency dependence of the BSC in (a) LE (−) and (b) LE (+) in the
range 9 to 47 MHz using four transducers. Triangles and error bars represent the
median and IQR, respectively. The results of the previous study of BSC (median
and IQR) of in vivo human forearm dermis [10] are shown by squares.
frequency dependence, the difference in BSC between LE (−) and LE (+) was ap-
parent in the frequency range between 9 and 19 MHz with transducer I, whereas
high variance or the same median BSC (greater than 20 MHz) was evident with
transducers II, III, and IV.
Figure 2.8 shows the calculated BSC parameters of transducers I to IV. Nat-
urally, a lower ESD, higher EAC, and higher IBS is a result of a higher ultrasound
center frequency. The difference in the intercept of the BSCs between LE (−) and
LE (+) with any transducer is evident in Figure 2.7, which indicates that EAC
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Figure 2.8: Calculated BSC parameters of transducers I to IV in LE (−) and LE
(+). Each patient corresponds to the results in Figures 2.6 and 2.7. Triangles and
error bars represent the median and IQR of each BSC parameter, respectively.
The block-dot-line shows the k × ESD range satisfying 1.0 < k × ESD < 2.4,
which provides good ESD estimates [64].
and IBS of LE (+) are greater than that of LE (−) in Figure 2.8. In contrast,
ESD correlated with the slope of the BSC (Equation 2.6) was the same between
LE (−) and LE (+) patients with any transducer.
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2.3.3 Features of QUS parameters
Figure 2.9 shows the violin plots of six QUS parameters: ESD, EAC, IBS, HK–
1/(κ+1), HK–1/α, and NA–m. The medians of five QUS parameters show that the
LE (+) group had lower EAC, lower IBS, lower HK–1/(κ+1), lower HK–1/α, and
larger NA–m than the LE (−) group; the difference between the LE (−) and LE
(+) groups is statistically significant (p < 0.05). In particular, IBS derived from
the BSC analysis and HK–1/α computed from the envelope statistical analysis
show the lowest p-values between the LE (−) and LE (+) groups.
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Figure 2.9: Violin plots of calculated QUS parameters in LE (−) and LE (+).
Kernel density estimation was used to plot the distribution. The triangle markers,
black lines, and error bars in violin plots correspond to the median, mean, and
25–75 percentiles of each QUS parameter, respectively.
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2.4 Discussion
2.4.1 Qualitative feature of B-mode in LE
High-frequency ultrasound was used to visualize the morphology of the skin tissue,
as shown in Figures 2.4 and 2.5, where the speckle pattern represents irregularly
distributed collagen fibers, the circle-shaped glands have low echogenicity, and
continuously located connective fibers function as a specular reflection compo-
nent. The different echogenicity level and texture in the dermis are observable by
comparing the spatial distributions of LE (−) to that of LE (+) in Figures 2.4 and
2.5 for any transducer.
The echogenicity in the dermis of LE (+) is typically lower than that of
LE (−) [21], and the data from the current ex vivo study demonstrate lower IBS
[Figure 2.8(c)]. It is considered that IBS naturally reflects acoustic impedance con-
trast and scatterer number density, and provides a more quantitative and objective
analysis than B-mode-based statistics. In contrast, echo-free space, which may be
related to edema [21], was not observable in our study. One of the most significant
differences between the current study and the previous study is that the previous
study used tissue harmonic imaging in clinical examination. The LE (+) tissue in
the hypodermis includes histopathological differences, such as edema, inflamma-
tion (protein), adipose tissue, and fibrosis [42]. The complexity of inhomogeneity
in the form of fluid and tissue in LE (+) may cause a nonlinear effect in the dermis
and hypodermis [65]. It is difficult to unify different system and signal processing
techniques to indicate the feature of such a nonlinear effect using tissue harmonic
imaging. If the edema condition can be characterized based on a calibrated pa-
rameter, e.g., BSC, a quantitative diagnostic method can be developed without
dependence on the transmission and reception process in each system. Of course,
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the other reason these tendencies could not be observed is the difference between
ex vivo and in vivo study. Considering the osmotic pressure between the excised
tissue and surrounding medium with or without skin stretching, the measurement
samples were fixed using low-melting agarose. However, the ex vivo condition of
interstitial fluid and inflammation differs from that of in vivo tissue. Thus, in vivo
study of additional patients and an animal model [66] is required to characterize
tissue properties in the early stages of LE (or its severity) quantitatively.
2.4.2 Attenuation and BSC analysis methods
As shown in Figure 2.6, the difference of the attenuation coefficient between LE
(−) and LE (+) was 0.07 dB/mm/MHz (median). When the propagation distance
is from the epidermis to the junction between the dermis and hypodermis, the
difference of the attenuation level is at most approximately 0.21 dB at a depth
of 3 mm. It is considered that the acceptable error range of the BSC related to
the difference of the attenuation level may have a low (below approximately 0.21
dB on average) impact on the difference between LE (−) and LE (+). As shown
in the literature [37], the parameter value used to compensate the attenuation
coefficient was the same for both LE (−) and LE (+) to compare between the
current study and previous study. In this study, negative attenuation coefficient
values were computed using the linear fit of the form αl(f) = αcf
1+β. Moreover,
using a power law fit of the form αl(f) = αcf
n + β demonstrated high variance of
the calculated attenuation coefficient [37]. Based on the precision of the estimated
attenuation coefficient and decreasing the variance, an improved method, such as
a regularized spectral log difference technique, may be required [67].
The BSC of ex vivo dermis with LE (−) could be comparable to that of in
vivo normal dermis [37], as shown in Figure 2.7. The specific frequency dependen-
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cies, such as Mie scattering, are not shown in the BSC curves of LE (−) and LE
(+). All BSCs increased linearly with increasing frequency, which provides both
constant slope and biased intercept of the BSC curves. Hence, the ESD shows no
significant difference between LE (−) and LE (+) whereas the discrimination of
EAC and IBS as indicated in Figure 2.9. The reasons of the discrimination of EAC
and IBS between LE (−) and LE (+) are reflected that the scatterer number den-
sity and acoustic impedance contrast are different in LE (−) and LE (+). These
physical parameters might be directly evaluated as different EAC and IBS. In con-
trast, the information of the invariable scatterer structure is averagely evaluated
and parameterized in the ESD estimation. Depending on the mixed situation of
multiple scales of scatterers, it is feared that the same ESD may be estimated as
the result of the combined scattering events. Although the BSC analysis method
in the inhomogeneous tissue such as the skin is discussed how to mathematically
model the scatterer structure [35], their application for in-vivo characterization is
still difficult.
The scatterer structure in the skin tissue is assumed as follows. The most
dominant scatterers in the dermis, i.e., collagen fibers, have a thickness of 1–12
µm at most relative to the direction of ultrasound propagation [35]. In this study,
the wavelength of transducers I–IV varied from 38 to 100 µm that is lower than
collagen fibers thickness. It is considered that each collagen fiber or several collagen
bundles constantly behave as scatterers as against different frequency in a range
of 9–47 MHz. Furthermore, incoherent scattering from randomly oriented and
distributed collagen bundles potentially appears as same frequency dependence,
i.e., ESD, between LE (−) and LE (+). EAC, ESD and IBS have dependent of
the frequency (also wave number and analyzed frequency bandwidth) as shown in
Figure 2.8. Since higher frequency occurs smaller point spread function, the BSC
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(backscattering volume in contrast to the incident wave) increases such as the
Rayleigh scattering phenomena. If the BSC is constantly larger in each frequency
bandwidth as shown in Figure 2.7, EAC and IBS such as the intercept and integral
quantity of the BSC increase with frequency dependence as shown in Figures 2.8(b)
and 2.8(c). Regardless of causing frequency dependence for EAC and IBS, there
are the relative difference between LE (−) and LE (+) in any transducers. The
accuracy and precision of ESD estimates are compromised depending on the k
× ESD range. The k × ESD range satisfying 1.0 < k × ESD < 2.4 has been
supposed to provide good ESD estimates [64]. Although the ESD decreases in
accordance with approximately k × ESD = 2.4, the ESD between LE (−) and LE
(+) is same in each transducer.
Although the median of the BSC of LE (+) (in transducer I of Figure 2.7)
was approximately 10% less than that of LE (−), the difference of median between
patients #1 and #3 for LE (−) varied within 20% at most. Relative to a technique
to calculate the BSC, accurate computation requires precise compensation of the
attenuation coefficient of the tissue. Low variance calculation of the BSC using
dynamic programming has suggested decreasing the estimation bias and variance .
The spatial and dynamic variability of the attenuation coefficient for compensating
attenuation and BSC calculation must be considered.
We can assume that the dataset acquired using transducer I have an adequate
frequency bandwidth (9–19 MHz) to indicate the difference between LE (−) and
LE (+), as shown in Figures 2.7 and 2.8. Considering the penetration depth, the
attenuation of ultrasound in propagation must be lower for visualization from the
epidermis to the dermis (at most 1 cm depth). It is considered that the bandwidth
of 9–19 MHz ultrasounds is sufficient for BSC analysis of skin tissue at a local
region of several 1 mm3.
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3 Microscopic acoustic and
histopathological properties
3.1 Introduction
For better understanding the different features from the results of the QUS analy-
sis, it is important to confirm the differences in acoustic properties such as acous-
tic impedance, attenuation coefficient, and speed of sound. SAM can be used to
obtain microscopic acoustic and mechanical properties using an ultrasound fre-
quency between 60 MHz and 1.5 GHz [68, 69, 70]. Furthermore, the texture of
the B-mode image can be understood by reconstructing the echo image from the
acoustic impedance map [71]. The acoustic properties of human skin tissue in the
ultra-high frequency range (>100 MHz) have also been summarized, in particular,
the speed of sound and the attenuation coefficient [36, 72, 73]. These previous
studies compared the acoustic properties to the index of the patient background
such as age, gender, and water content. However, the acoustic impedance of posi-
tive LE remains to be unknown.
Microscopic histopathological features are also necessary to be comprehended
for better controlling lymphedema with more reliable therapeutic treatment. Pre-
vious study has characterized various pathological changes in secondary-lymphedema
such as inflammation, fibrosis, homeostasis, and remodeling of the adipose tissue
[42]. These findings have suggested that long-term lymphatic volume overload can
trigger chronic tissue inflammation and progressive fibrosis of the adipose tissue
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[42] although the characterization of the fiber tissue has been poorly understood.
Considering the relationship between tissue structure and ultrasonic backscattered
signal, fiber tissues are recognized as one of the most dominant scatterers in the
skin [39, 35]. Hence, it is also necessary to characterize the physical and morpho-
logical properties of the microscopic fiber tissues.
In this chapter, we aim to clarify the feature of the acoustic property such as
acoustic impedance in normal and lymphedema dermis by means of SAM system.
Furthermore, physical and morphological properties such as number density and
fiber thickness of collagen and elastin fibers are characterized in the histopatho-
logical assessment.
3.2 Materials and methods
3.2.1 Sample preparation
After the experiment on Chapter 2 using the laboratory-made scanner, the sample
was cut at the center using a trimming knife. As shown in Figure 3.1, the cut-
off cross-sectional plane of the skin sample was mounted on a polystyrene dish to
measure the RF dataset for the acoustic impedance analysis. We ensured that this
plane includes the somewhere scanning area in the measurement of the laboratory-
made scanner by marking skin contour, however the correspondence between its
incident angle and the cut-off plane was uncertified. Hence, we performed QUS
analysis in 3D volume and SAM analysis in three locations to confirm the spatial
variability.
The histopathological specimen was divided in clinical surgery. That means
the histological sample was adjacent to the above sample for QUS and SAM mea-
surement. The formalin-fixed and paraffin-embedded specimen was sliced with 10
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Figure 3.1: Schematic diagram of the sample preparation for histopathology and
SAM measurement.
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µm thickness and stained by the Elastica van Gieson method. Collagen, elastin
fibers, and keratin tissues are stained red, black, and yellow, respectively.
3.2.2 Data acquisition using SAM
To obtain the acoustic impedance of the cross-sectional skin tissue, RF echo sig-
nals were measured using the modified SAM system (modified AMS-50 SI, Honda
Electronics, Aichi, Japan) with a single element concave transducer (Model HD80–
1.2–2.5, Toray, Tokyo, Japan). The focus depth and aperture diameter are 2.5 and
1.2 mm (f-number of 2), respectively. The center frequency and −6 dB bandwidth
were 68 and 85 MHz, respectively. RF echo signals from the cross-sectional tissue
were acquired via distilled water and polystyrene dish, as shown in Figure 3.2. The
polystyrene dish with hydrophilic processing was used to enhance the adhesion be-
tween tissue and dish. The acquired RF echo signals were digitized to 8-bits with
a sampling frequency of 2 GHz. The RF signals were averaged 8 times at each
location to increase the SNR. A ceiling of 4.8 mm2 limited the maximum scanning
area with a 16-µm scan pitch because of the system design. Hence, the scanning
area was relocated to two-dimensional (2D) to observe the spatial variability of
the acoustic impedance corresponding to the QUS analysis of the skin dermis. In
relocating the scanning area, the focus position of the transducer concerning each
area was readjusted. The focus position was located at the boundary between the
polystyrene dish and the sample. All acquisition sequences were controlled by a
manufactured software (umscope, Honda Electronics, Aichi, Japan).
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Figure 3.2: Example of two measurement signals for the acoustic impedance
analysis.
3.2.3 Acoustic impedance analysis
The acoustic impedance was analyzed for both the reference RF signal from the
sample with known acoustic impedance and the measurement signal from the
cross-sectional sample [74]. Briefly, the schematic diagram of two measurement
signals is shown in Figure 3.2. Considering the reflection coefficient, the acoustic
impedance Z was computed as 3.1
Zs = Zp
(
1− P
Pw
Zp − Zw
Zp + Zw
)
/
(
1 +
P
Pw
Zp − Zw
Zp + Zw
)
. (3.1)
where P and Pw are the negative-peak voltage of RF signals from the boundary
of the polystyrene dish and the tissue and that of the purified water and the
polystyrene dish, respectively. The known acoustic impedance of the polystyrene
dish Zp and that of the purified water Zw were 2.35 and 1.50 MRayl, respectively.
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For quantitative analysis of the acoustic impedance, a 2D ROI was shifted with
80% overlap in the skin dermis of each dependent scanning data while avoiding
the regions that might be caused by surface imperfections of the polystyrene dish
‒ tissue and by including air bubbles. The saturated RF signals were recognized
as these regions. The length L of the square ROI was 1.0 mm (pixel size of N2=64
× 64 pixels, 50 × 50 beam widths). Also, the mean, standard deviation (SD),
and coefficient of variation (CV) of the acoustic impedance were calculated at each
ROI to be able to compare them with LE (−) and LE (+) groups.
3.2.4 Histopathological assessment
The histopathological specimen was observed by a virtual slide scanner (Hama-
matsu Photonics NanoZoomer S60) with a lens of 40 times magnification. The
analysis data was thinned from the observation image by 1/4 pixel. That means
its resolution is 4 times larger than that of the observed image. The minimum
pixel pitch of the analysis data was 1 × 1 µm2.
The original unfiltered image was automatically segmented into collagen and
elastin fibers, keratin, and stromal tissues using superpixel oversegmentation [75])
and k-means++ algorithm [76] in the Lab color space. Figure 3.3 shows an example
of classified images of the normal skin dermis. The superpixel function, simple
linear iterative clustering algorithm [75] and “kmeans” function on MATLAB
R2016a were used. The superpixel algorithm groups pixels with similar values of
the Lab color into regions. The number of superpixels was specified as 436,224
(the image size = 64).
Also, for quantitative analysis of the histopathological features, a 2D ROI
was shifted with 50% overlap in the skin dermis of each patient while avoiding the
regions outside tissue parts. Its boundary was manually drawn. The length L of
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Figure 3.3: Example of classified histopathological images. Each blue pixel dis-
plays classified tissue of the legend.
the square ROI was 1.0 mm (pixel size of N2 = 1024 × 1024 pixels).
In order to evaluate the average fibers (both collagen and elastin) number
density, their thickness, and spacing (assumed as stroma) in the dermis, we counted
the number of discrete fibers bundles and then estimate the average dimensions in
each ROI. Number density was counted fibers pixel divided by the total number of
ROI pixel size. For analysis of fiber thickness and spacing, we applied run-length
analysis [77, 35] along the direction of ultrasonic insonification (i.e., Z-direction).
3.3 Results
Figure 3.4 shows the spatial distributions of the acoustic impedance in LE (−)
and LE (+). These spatial distributions show an observable difference between the
acoustic impedance of the dermis (around 1.8 MRayl) and that of the hypodermis
(around 1.4 MRayl) in LE (−); however, this feature is unclear in LE (+). Overall,
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the acoustic impedance of the dermis in LE (+) is lower than that in LE (−).
Figure 3.5 shows the violin plots of the mean, SD, and CV of the acoustic
impedance at each ROI. Corresponding to the observable difference, the medians of
the mean (1.76 MRayl), SD (0.09 MRayl), and CV (0.06) of the acoustic impedance
LE (+) group is lower than those of the mean (1.66 MRayl), SD (0.06 MRayl),
and CV (0.04) of the LE (−) group. Although no significant difference of CV of
the acoustic impedance is obtained between LE (−) and LE (+), both mean and
SD of the acoustic impedance show significant differences (p < 0.05).
Figure 3.6 displays histopathological images of LE (−) and LE (+). The
boundary between dermis and hypodermis layers are observable in LE (−), how-
ever, the fiber tissues are dominant at the above layer in LE (+). The range
(25th to 75th percentiles) of histopathological benchmarks among all samples were
shown in Figure 3.7: 44 to 59% and 7 to 13% for the number density of collagen
and elastin fibers, 8 to 11 µm and 3 to 4 µm for the thickness of collagen and
elastin fibers, 6 to 11 µm for the spacing of stroma along Z-axis. Although no
significant differences between LE (−) and LE (+) are founded in all histopatho-
logical benchmarks of the dermis, variations of benchmarks are dependent on not
affected LE but patient (sample).
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Figure 3.4: Spatial distributions of the acoustic impedance in LE (−) and LE
(+). The results were analyzed at the center cross-section of the same sample.
The blue parts that showed the error region were eliminated in ROI analysis.
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Figure 3.5: Violin plots of the mean (a), SD (b), and CV (c) in the ROI of
the acoustic impedance are also shown using 1 independent scanning data in the
middle of the sample per each patient. The Wilcoxon rank sum test was used to
indicate the difference between LE (−) and LE (+) groups. The difference was
considered statistically significant for a p-value of <0.05.
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Figure 3.6: Histopathological images in LE (−) and LE (+). These samples of
the patients corresponded to the acoustic impedance map in Figure 3.4.
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Figure 3.7: Violin plots of histopathological benchmarks in the dermis of LE (−)
and LE (+); number density (a) and thickness (b) both of collagen and elastin
fibers; spacing (c); number density (d) and thickness (e) of collagen fibers; number
density (f) and thickness (g) of elastin fibers. These samples of the patients corre-
sponded to the result of the acoustic impedance in Figure 3.5. The Wilcoxon rank
sum test was used to indicate the difference of histopathological benchmarks be-
tween LE (−) and LE (+) groups. The difference was also considered statistically
significant for a p-value of < 0.05.
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3.4 Discussion
We investigated the acoustic impedance in the dermis as one of the acoustic prop-
erties theoretically related to the intensity of the backscattered echo signal. The
representative acoustic impedance of the skin is 2.0 MRayl [78]. Another expected
acoustic impedance value in the human dermis is around 1.7 to 2.0 MRayl [79]
(speed of sound of 1595 m/s [36]; density of 1.1 to 1.3 g/cm3). These values were
comparable to the average acoustic impedance (1.8 MRayl) of the LE (−) dermis
in the current study as shown in Figure 3.5.
All the mean, SD, and CV of the acoustic impedance in LE (+) were lower
than those in LE (−), as shown in Figure 3.5. These properties must reflect differ-
ent echogenicity and texture in high-frequency ultrasound imaging; however, the
analyzed acoustic impedance reflects only 2D information derived from the echo
signal intensity between the polystyrene-dish and the sample, as defined in Equa-
tion 3.1. By considering 3D inhomogeneity of the skin dermis such as anisotropic
fiber bundles and glands, it is preferable that not only 2D but also 3D acoustic
impedance distribution is assessed in signal analysis. The acoustic impedance re-
flects changes of compressibility and density, which are also related to the speed of
sound. Thus, other mechanical or acoustic properties also need to be assessed to
understand the dependencies of the mathematical relationship between backscatter
and acoustic properties.
As done in a previous study [35], the current study also focused on the
morphological features of collagen and elastin fibers. Histopathological specimens
from the abdomen, forearm, and thigh dermis of subjects of both genders revealed
an average surface occupied by collagen in 60% of subjects between 20 and 60
years of age [80]. Another study using a microscope to characterize arm dermis
from 50 to 75 years of age reported average collagen and elastin fiber areas of 80%
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and 10%, respectively. The histological evaluation made by Moran et al. [36]found
that for seven of the eight human trunk skin samples studied, the collagen content
in the dermis ranged from 58% to 64%. Both the number density and thickness of
collagen and elastin fibers are dependent on the age, gender, body part, and layer
of the dermis; however, their features in this study (shown in Figure 3.7) are also
comparable to those found in the previous studies.
Morphological features of the histopathological image in LE (+) sample are
equal to those in LE (−) sample. One of the positive perspectives is the same fiber
distribution in the dermis but different that in the hypodermis. In clinical sites,
the fibrosis in the hypodermis is sure to be the notions of middle severity of LE
(ISL stage of late II or III). Also, progressive fibrosis of the adipose tissue in the
hypodermis appeared on the previous quantitative approach [42]. The specimen
for the current study had limitations with insufficient specimen size (in the surgical
plan of LVA) to analyze in the hypodermis of LE (+).
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4 Comparison of experimental
and predicted BSCs
4.1 Introduction
The predicted BSC is related to the radial fluctuations of the 2D Fourier transform
of the acoustic impedance contrast [81]. Hypothetical 3D acoustic impedance maps
constructed from 3D histopathological images and the typical acoustic impedance
of scatterers have been created to understand scattering sources in the tissue mi-
crostructure [81, 82]. These studies reveal that a scattering model, such as BSC or
form factor, can be predicted from 3D acoustic impedance maps of the rat fibroade-
noma and mouse mammary carcinoma. The previous simulation studies by Luchies
et al. [83, 84] also verified that the distribution of the 2D acoustic impedance con-
trast can indicate information about the 3D spatial position, size, and shape of
sparsely or densely distributed spherical or cubic scatterers. Hence, the predicted
BSC estimated from the 2D Fourier transform of the acoustic impedance contrast
is comparable to the theoretical BSC. This 2D Fourier transform approach has not
been examined for skin tissue.
Another previous study by Chean et al. applied the mutual conversion
method between echogenicity and acoustic impedance images for in vivo human
cheek skin toward developing a better understanding of how the acoustic impedance
distribution may reflect the spatial features of the echogenicity. This calculation
method is based on the time domain reflectometry theory and transmission line
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model; in other words, backscattering is not assumed [71].
Acoustic characterization considering the tissue microstructure such as histopathol-
ogy can provide detecting sources of scattering and deducing tissue-based scatterer
models those are useful to improve the sensitivity and accuracy of QUS analysis.
In this study, the correlation between experimental and predicted QUS parameters
was analyzed to study the effect of the differences in microscale acoustic impedance
contrast (as mentioned in Section 3.3) for those in the macroscopic ultrasound
backscattering properties (also as mentioned on Section 2.3). The findings from
the predicted QUS parameter may provide adequate frequency bandwidth to differ-
entiate specific unknown scattering sources due to obtaining the BSC for a broader
range of frequencies. If this relationship is clarified, QUS parameters evaluated
from the BSC analysis method could be useful as tools for quantitative follow-up,
and staging diagnosis methods to evaluate the microscale scatterer structure of
the skin only from in vivo scanning.
4.2 Materials and methods
4.2.1 Predicting of BSC
First, we compared BSCs computed from different methods and spatial features
as shown in Figure 4.1: 15 MHz backscattered echo signal on Chapter 2 (reflector
method), and acoustic impedance and histopathological images on Chapter 3 (2D
Fourier based theory). This section explained to predict BSC using 2D Fourier
based theory.
Assuming plane wave propagation, weak scattering in the Born approxi-
mation, and that the scatterer medium has spatially random variations of the
acoustic impedance and isotropic structure with a 3D radially symmetric func-
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Figure 4.1: Comparisons of BSCs estimated from different spatial features.
tion, the predicted BSC is related to the correlation coefficient of the acoustic
impedance contrast Zc. The predicted BSC in k-space [0:pi/L:Npi/2L] is defined
by considering structure factor as [85, 86, 57]
BSC(k) =
k3
4pi2
|FZc(k)|2
1
L2
(
L
N
)4
, (4.1)
where |FZc| is the absolute value of the 2D Fourier transform of the acoustic
impedance contrast in each ROI, and |FZc |2 is the radial averaging result of
1
NL
∑pi/2
θ=0 |FZc(k)θ|2, where θ is angle vector in k-space. The line number NL was
100. The radial direction in k-space equals to the direction of the sound propaga-
tion. The radial direction in k-space is equal to the direction of frequency domain
f as well as the sound propagation, that is, the Z-direction. The conversion from
the k to f domain was also calculated as k = 2pif/c at the speed of sound of 1540
m/s.
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4.2.2 Calculation based on acoustic impedance and histopathol-
ogy
To compare the BSCs computed from backscattered RF signals (Chapter 2) and
derived from both the acoustic impedance contrast and histopathological distribu-
tions (Chapter 3),the BSC was predicted based on 2D Fourier transform theory.
Figure 4.2 shows the schematic images of the computation flow from the
acoustic impedance distribution. 2D ROI (L2 = 1.0 mm2, pixel size of N2 = 64
× 64 pixels, 50 × 50 beam widths) was shifted with 80% overlap in the acoustic
impedance distribution of the dermis. The acoustic impedance contrast Zc was
normalized as (Z−Z)/Z at each ROI in the current study, where Z = 1
N2
∑N2
i=1 Zi.
Then, the predicted BSC was obtained using Equation 4.1 at each ROI.
Figure 4.3 shows the schematic diagram of the calculation flow from the
histopathological case. The classified histopathological images were obtained in
Chapter 3, and then both collagen and elastin fibers pixels were assumed to be
scatterers. The acoustic impedance contrast between scatterers and their sur-
rounding tissue was defined as (2.0−1.5)/1.5 = 0.33. Also, 2D ROI (L2 = 1.0
mm2, pixel size of N2 = 1024 × 1024 pixels) was scanned with overlap (depen-
dent of specimen area) in the histopathological image of the dermis.
The parameters of ESD, EAC, and IBS were also predicted using BSCZ
and BSCHis on Chapter 2 under the same condition. Three predicted parameters
related to BSC (ESD, EAC, and IBS) were used as QUSZ and QUSHis parameters.
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Figure 4.2: Schematic image of predicting BSC from the acoustic impedance
distribution.
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Figure 4.3: Schematic image of predicting BSC from the classified histopatholog-
ical image.
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4.3 Results
Figure 4.4 shows the predicted BSCs from the acoustic impedance distribution.
The comparable frequency dependence of the BSC in the range 1 to 23 MHz is
confirmed among each patient. The deviation (minimum to maximum) of the
median in LE (−) and LE (+) is from 6.2 × to 37.8 × 10−5 and 3.7 × to 14.5 ×
10−5 at 15 MHz. Figure 4.5 describes calculated QUSZ parameters from BSCZ .
The medians in the LE (−) and LE (+) groups are respectively EACZ of 4.1 and
−0.1 dB/mm3, and ESDZ of 64.5 and 62.6 µm. The EACZ in the LE (+) group
was 102% lower than that in the LE (−) group, although the difference of ESDZ
in LE (+) against LE (−) was small (2.9%). Note that the relative difference in
percent is defined as QUS features in LE (+) against LE (−), such as [EACLE(+)
− EACLE(−)]/EACLE(−). Importantly, the difference of EACZ between the LE
(−) and LE (+) groups is statistically significant (p < 0.05).
Also, the predicted BSC from the histopathological image is shown in Figure
4.6. The comparable frequency dependence of the BSC in the range 1 to 425 MHz
(data over 50 MHz was not shown due to constant feature) was obtained among
each patient. The variation (minimum to maximum) of the median in LE (−) and
LE (+) is from 6.6× to 12.5× 10−3 and 5.3× to 8.1× 10−5 at 15 MHz. Figure 4.7
describes calculated QUSHis parameters estimated from BSCHis. As well as QUSZ
features, the median of EACHis shows that the LE (+) group is 9.2% lower than
that of the LE (−) group [EACHis of 19.5 dB/mm3 in LE (−) and 17.7 dB/mm3
in LE (+)]. In contrast, the difference of ESDHis in LE (+) against LE (−) is also
small (3.8%) [ESDHis of 39.0 µm in LE (−) and 40.5 µm LE (+)]. The difference
of EACHis between the LE (−) and LE (+) groups is statistically significant (p <
0.05).
Figure 4.8 compares the experimental and predicted BSCs. The experi-
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Figure 4.4: Frequency dependence of the predicted BSC from the acoustic
impedance distribution of each patient.
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Figure 4.5: Violin plots of calculated QUSZ parameters. The Wilcoxon rank
sum test was used to indicate the difference of histopathological benchmarks be-
tween LE (−) and LE (+) groups. The difference was also considered statistically
significant for a p-value of < 0.05.
mental BSC was obtained from the result in Chapter 2 using transducer II. These
BSCs are plotted within −6 dB frequency bandwidth in the experiment and within
[0:cN/4L] in the prediction. As can be seen the frequency dependence, all exper-
imental BSCs increase linearly with increasing frequency. The deviations (from
minimum to maximum) at 15 MHz of the medians of LE (−) and LE (+) are
respectively from 6.2 × to 37.8 × 10−5 and 3.7 × to 14.5 × 10−5 of the acoustic
impedance-based BSCZ , and from 6.6 × to 12.5 × 10−3 and 5.3 × to 8.1 × 10−5
of the histopathologically based BSCHis. The tendency of the frequency depen-
dence of the BSC and BSCHis (median) in the LE (−) group is in the range of
10−3 to 1−2 mm−1 sr−1, which is also comparable to the results of a previous study
(14 to 50 MHz [37]) of the normal dermis BSC. Comparison of the BSCs between
the LE (−) and LE (+) groups shows that the median of the experimental BSC in
LE (+) is constantly 72% (mean of relative differences at each frequency), which
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Figure 4.6: Frequency dependence of the predicted BSC from the histopathological
image of each patient.
Figure 4.7: Violin plots of calculated QUSHis parameters.
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Figure 4.8: Comparison of experimental and predicted BSCs. Each marker and
error bar corresponds to the median and 25–75 percentiles of each patient data.
is lower than that in LE (−). In addition, the predicted BSCs of the LE (−) group
are lower (22% and 48% for BSCZ and BSCHis, respectively) than that of the LE
(+) group within the frequency range of 8 to 18 MHz; however, the slope of the
BSCZ is flat compared with that of the experimental BSC.
The relationship between experimental (ESD, EAC, and IBS) and predicted
QUS parameters is shown in Figure 4.9. The Spearman rank correlation coefficient
r and its p-value were calculated from the medians of all patients. The features of
experimental parameters corresponded to those of predicted values; LE (+) groups
had lower EAC, and lower IBS than LE (−) groups. In particular, the experimen-
tal EAC is positively correlated to predicted EACHis (r = 0.84, p < 0.05) and
EACZ (r = 0.70, p < 0.05). The relative difference between experimental and pre-
dicted QUS parameters is summarized per each patient in Table 4.1. The relative
difference was computed from the mean of each patient data, e.g., ∆ QUS−QUSZ
= (QUS−QUSZ)/QUSZ × 100. Results (minimum to maximum differences on ∆
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QUS−QUSHis) show −0.2 to −58.1% differences in EAC.
4.4 Discussion
4.4.1 Features of experimental and predicted QUS param-
eters
In Japanese clinical sites for lymphedema, there are key requirements to under the
best approaches for curing and controlling lymphedema [4, 66, 2]. The mechanisms
of cure and tissue features capable of becoming lymphedema are needed to be
studied in the microstructure. Hence, tissue characterization of lymphedema based
on macroscopic QUS and microscopic acoustic impedance and histopathological
analyzes has a significance of its own.
We confirmed the relationship between the QUS parameters experimented
from backscattered RF signals and predicted from the 2D Fourier transform of
the acoustic impedance contrast and histopathological maps. Experimental EAC
was correlated with predicted EACHis as shown in Figure 4.9. Despite the lim-
ited number of samples, our results agree with the relationship between the ex-
perimental and predicted ultrasound backscattered properties. Furthermore, the
group features of LE (+) that are lower EAC and IBS than LE (−) had relatively
correspondence on both experimental and predicted parameters. It is considered
that the macroscopic ultrasound backscattering properties at a center frequency
of 15 MHz can be associated with both differences of the microscopic acoustic
impedance contrast and fibers microstructure.
The discriminative QUS parameters might be affected by several factors
such as the patient background and the tissue property, including gender, age,
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Figure 4.9: Relationships between experimental and predicted QUS parameters.
Each marker and error bar corresponds to the median and 25–75 percentiles of
each patient data. The Spearman rank correlation coefficient r and its p-value
were computed from the medians of all patients for both LE (−) and LE (+) (n
= 10).
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Table 4.1: Comparison of the relative difference among experimental and predicted
QUS parameters.
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water content, BMI, different body parts such as LE (−) of the abdomen and
LE (+) of the thigh. Although we could collect RF data from human samples
with several kinds of patient background, the analyzed samples were confined to
the same conditions: the body part of abdomen in LE (−) or thigh in LE (+),
female, secondary LE, and same LE severity (the ISL stage of early II and DBF
stages of III or IV). It is unknown whether ultrasound backscatter properties of the
skin vary with body part. Previous studies have compared backscatter properties
of healthy skin dermis, between abdomen and breast [35], elbow and wrist [37],
and among palmar forearm, left, and right neck [87]; these studies found that the
difference in average IBS was about 2 dB at most among the different body parts.
A similar study remains to be performed for the abdomen and thigh. It was found
in Figure 4.9 that an average difference of 13 dB in IBS was observed between all
LE (−) [1.24 × 10−2 mm−1 sr−1] and LE (+) [0.26 × 10−2 mm−1 sr−1] patients.
Thus, the IBS differences among body parts are considered to be lower than the
differences between LE (−) and LE (+). Although the evaluation is qualitative,
the 20 MHz ultrasound echogenicity at the dermis of the overweight, such as LE,
Japanese group (25 < BMI < 30) is lower than that of the control group (BMI
< 25), which can be related to oxidative stress [88]. Moreover, in our previous
study similar results were found for any body part considered (including thigh,
abdomen, and upper arm) [88]. It is difficult to directly compare the occurrence
of LE and the difference in ultrasound backscattering properties in this ex vivo
study. Therefore, the variability of ultrasound backscattering properties among
limbs and abdomen remains to be studied.
69
4.4.2 Comparison between experimental and predicted QUS
parameters
Comparison between experimental and predicted QUS parameters (also BSCs)
has limitations with the relative displacement on average and variance as shown
in Table 4.1. The experimental ESD varied [e.g., peak-to-peak difference of 23%
and 33% in LE (−) and LE (+)] in-depth analysis of Figure 2.9 although the
predicted QUS parameter was less variability [e.g., peak-to-peak difference of 0.3%
and 0.9% in LE (−) and LE (+)] in-depth analysis of 4.5. The depth dependence of
the experimental QUS estimates suggests attenuation compensation might not be
adequately performed because the parameters follow a monotonic depth-dependent
change which is not exhibited by the theoretical values. Hence, it is necessary to
estimate total attenuation for each sample and correct this.
The reason why the BSCZ decreases in the higher frequency range might be
insufficient spatial resolution and pixel size in the acoustic microscopy analysis.
The upper limit of the frequency range is 23 MHz in the predicted BSC where
1.0 mm2 region. Acoustic microscopy maps with several µm scale (e.g., 250 MHz
ultrasound) which is comparable to the histopathological image can deduce the
high frequency (10 to 20 MHz) information. Thus, the methods exist to improve
the acoustic impedance map analysis for comparison between experimental and
predicted QUS parameters.
The relative difference was obtained with several 10% in ESD, however the
larger difference (over 100%) was shown in EAC and IBS comparison (Table 4.1).
A small error in ESD causes a higher error in EAC estimate [81]. Also, we assumed
the background acoustic impedance Z as mean value of the acoustic impedance
at each ROI. In particular, changing in the background acoustic impedance will
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modify the EAC results [82].
Concerning the theory to estimate BSCZ , it assumes to be the scatterer
structure with weak scattering and isotropic, or weakly anisotropic [83]. Consid-
ering the most dominant scatterers in the skin dermis, the anisotropic collagen
bundles may distribute with semi-aligned and densely-packed. The previous study
by Mamou et al. identifies that tissue anisotropy and also form factor of a new cell
model [89] can be deduced by examination of the 3D histopathological images [82].
The constructed 3D histopathological images will serve as validation for predicting
limitations to estimate scatterer structure from the acoustic impedance map. As
mentioned in the previous study [81, 82], detecting scatterer sources and deducing
tissue-based form factors are useful to improve the sensitivity and accuracy of QUS
analysis.
The main differing factor between the LE (−) and LE (+) groups is the
backscattered energy rather such as EAC than the frequency dependence. Assum-
ing the presence of more inflammation and edema (ISL stage early II) in LE (+)
than LE (−), this factor is related to different scatterer composition with much
water and protein as shown in Figure 4.10. Also, this consideration is supported
from the findings that the mean of the acoustic impedance in LE (+) is near to the
acoustic impedance of water (about 1.5 MRayl), as shown in Figures 3.4 and 3.5.
Thus, the effect of backscattering from fiber-stromal tissues LE (+) is considered
to be weaker than LE (−). In contrast, ESD and the histopathological features
such as number density, spacing, and fiber thickness are same as shown in Figure
3.7 regardless of moderate LE. Hence, the morphological structure of the fiber
and stroma is identified as same. It is considered that the macroscopic ultrasound
backscattering properties can be associated with the differences of the microscopic
spatial similarity of the acoustic impedance due to different scatterer composition
71
with fibers, water, and protein.
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Figure 4.10: Assumed effect of acoustic and histopathological structures for
backscatter property.
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5 QUS assessment of LE skin:
preliminary in vivo study
5.1 Introduction
Several studies have succeeded in assess ultrasonic backscatter properties such as
attenuation and backscatter coefficients of normal [33, 37] and abnormal [39] skins
with in vivo. Guittet et al. [33] found a decreasing trend in the attenuation
coefficient at 40 MHz with age. Raju et al. [39] characterized skin lesions in vivo
for contact dermatitis by focusing on ultrasonic backscatter properties. These
results indicated that a combination of QUS parameters have performed to extract
information for characterizing skin conditions however these studies used mono or
several single element transducers to supplement the wide frequency bandwidth.
The sensitivity of the backscattered signal and its frequency range might increase
by using a high-frequency linear phased array transducer. These days, some new
applications of high-frequency ultrasound (>10 MHz) have emerged providing the
clinical application.
High-frequency ultrasonic imaging provides an excellent characterization of
edema due to LE. The previous studies on LE using ultrasound imaging reported
features related to the B-mode image [21, 22, 23]. These features focused on the
echogenic lines, echogenicity, and echo-free space grades at the hypodermis. Al-
though these grades were assumed to be related to tissue properties, they are
not quantitative. Moreover, the analysis of echogenicity was based on using the
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tissue harmonic imaging mode, which depends on the clinical system and its sig-
nal processing strategies. Thus, independent system parameters are required to
characterize the LE tissue.
An important consideration to obtain independent system parameters is the
requirement that precise beam patterns be included in the computations [90]. The
algorithms have been developed to compute beam patterns based on the geometry
of the radiating surface in the focused single element transducers [91]. In contrast,
the computation of the beam pattern is difficult for more complex transducers such
as linear arrays. The reason why the most frequently applied in the attenuation
and BSC calculation method is the reference phantom method if the linear phased
array transducer used. The accuracy of the reference phantom algorithm has been
validated in the homogeneous phantoms [92] and clinical applications [93, 31, 67].
This study preliminary explored the possibility of in vivo QUS assessment
for the progress of the LE. We focused on the ultrasonic backscatter property
such as attenuation and BSC in the dermis and hypodermis, respectively. In ad-
dition, typical B-mode based benchmarks (dermal thickness and connective fibers
quantity in the hypodermis) were combined to increase the diagnosis accuracy.
First, we confirmed how these QUS parameters are related to the progress score
of the LE, that is, the ISL stage. Furthermore, the classification analysis was per-
formed whether the subject with the extremely early condition of the LE can be
distinguished with the normal subject.
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5.2 Materials and methods
5.2.1 Human subjects
This study was certified by the clinical research center at Chiba University Hospital
(identification number of 2310). The specific breakdown off the human subject is
summarized in Table 5.1. The diagnostic outcome of the LE stage was decided by
a clinician on the basis of the ISL stage. The clinical examination for diagnosing
the ISL stage such as lymph scintigraphy was partially conducted on the same day
of the ultrasound measurement. All subjects for this study were different from
those for ex vivo study in Chapters 2–4.
The location for the ultrasound measurement was defined around the navel
and the middle thigh (10 cm proximal to the patella with the knee joint extended)
where the ex-vivo study was conducted. The cross-section direction was long-axis,
i.e., from central to periphery directions. All patients lied down facing up with
breathing during the examination.
5.2.2 Data acquisition and manual segmentation
Post-beamformed RF data were acquired using a modified ultrasound scanner
(Aplio XG, Toshiba) with a linear probe (PLT-1204AT, Toshiba). Table 5.2 shows
Table 5.1: Patient breakdown in this study.
77
Table 5.2: Measurement condition of the ultrasound scanner.
the measurement condition of the ultrasound scanner (only shown the parameters
related to the collected RF data).
Cylindrical acoustic spacer (1.5 cm height and 12 cm diameter) was used to
improve the visibility of the dermis. An acoustic spacer was made from 8 wt%
locust bean gum solution (Cool Agar, Nitta Gelatin, Osaka, Japan) and 92 wt%
purified water. The speed of sound and attenuation coefficient were 1520 m/s and
0.08 dB/cm/MHz on average when the reflector method [92] was applied using 10
MHz unfocused single element transducer(V312, Olympus).
The dermis and hypodermis can be identified as the hyperechoic and hypoe-
choic layers. To focus the different layers, that is, dermis and hypodermis, the
polygonal shape of the ROI was manually selected as displayed in Figure 5.1. The
region of the hypodermis mean from dermis–hypodermis boundary to deep fascia.
Especially in the serious LE, the reflection signal from the deep fascia is uncler
[21]. Therefore, the depth position of the ROI was restricted up to 2.5 cm depth
from the surface of the linear probe.
The boundary of the ROI was interpolated using the cubic spline method.
The dermal thickness was measured from the boundary of the dermis at each scan
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Figure 5.1: Illustration of the original (a) and boundary images (b).
line data under the speed of sound 1540 m/s.
5.2.3 CFAR processing
Constant false alarm rate (CFAR) processing [94] was applied to extract not
the homogeneous speckle pattern but the specular reflection component from the
connective fiber in the hypodermis. Briefly, this technique consists of the four
steps; log-compression of the amplitude envelope; average subtraction; inverse log-
compression; and thresholding processes over T .
When the backscattered echo signals of the amplitude envelope A can be
modeled by the Rayleigh distribution as mentioned in Section 2.2.6, the log-
compressed amplitude envelope Alog is obtained as
Alog = q ln(rA), (5.1)
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where q and r are constant values. In this case, the mean of the log-compressed
amplitude envelope depends on the σRA of the Rayleigh distribution,
Alog =
∫ ∞
0
q ln(r A)PRA(A)dA = q ln(rσRA)− q
2
γ (5.2)
where γ is Euler’s constant. Secondly, the average subtraction performs at the
local ROI against the center position (x, y) in the ROI,
Aˆlog(x, y) = Alog(x, y)− Alog. (5.3)
When A(x,y) obeys the Rayleigh distribution, the mean and variance of Aˆ are 0
and q
2pi2
24
independent with the parameter σRA of the Rayleigh distribution.
Finally, the anti-log amplitude envelope A′ is defined as A′ = m exp(n Aˆlog)
where m and n are constant values. The probability function P (A′) is also inde-
pendent with the parameter σRA of the Rayleigh distribution,
P (A′) = 2 exp(−γ)A′exp[−(A′)2 · e−γ], (5.4)
where false-alarm probability Pn obeying the Rayleigh distribution component is
defined using the threshold T for extracting specular reflection component as
Pn =
∫ ∞
T
P (A′)dA′ = exp
(
−T
2
eγ
)
, (5.5)
T =
√
−ln(Pn) exp(γ). (5.6)
The size of the ROI was 55 × 11 pixels (1.1 × 1.1 mm2 in depth × lateral
directions), and all constant values q, r, m, and n were 1. The threshold T was
0.05%, and then the attenuation and BSC analyses were skipped in the analysis
window where the extracted pixels presented.
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5.2.4 Attenuation coefficient calculation
The local attenuation coefficient in the dermis and hypodermis was calculated
using the spectral log-difference method based on the reference phantom method
[90]. Briefly, the backscattered power spectra S is defined as the product term
of beam profiles C, backscatter coefficient BSC, and attenuation property of the
exponential term.
S(f) = C(f) ·BSC(f) · exp(−4αdf), (5.7)
where f and α are frequency and attenuation coefficient at the local depth d. The
logarithm equation of Equation 5.7 is defined as
ln[S(f)] = ln[C(f)] + ln[BSC(f)]− 4αdf. (5.8)
The method begins by considering the backscattered power spectra from
two local regions in two media; one at the proximal edge of the window at d1, and
the other at the distal edge of the window at d2, as shown in Figure 5.2. The
normalized power spectra divide those of the local regions in an analyzed medium
by corresponding spectra from a reference phantom as
Figure 5.2: Illustration to calculate local attenuation using the spectral log-
difference method.
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ln
[
S1(d, f)
S0(d, f)
]
|d1 = 4(α1 − α0)d1f +∆BSC(f), (5.9)
ln
[
S1(d, f)
S0(d, f)
]
|d2 = 4(α1 − α0)d2f +∆BSC(f), (5.10)
where the method assumes to be constant ∆BSC, that is, ln(BSC1) − ln(BSC0)
regardless of different depth d1 and d2. The unknown value α1 in the frequency
domain is solved under known α0
α1f = 8.686
ln
[
S1(d,f)
S0(d,f)
]
|d1 − ln
[
S1(d,f)
S0(d,f)
]
|d2
4(d2 − d1) + α0f, (5.11)
where 8.686 is the coefficient to convert from Np to dB scale. In addition, the
attenuation coefficient [dB/m/MHz] can be obtained assuming as the linear slope
of the attenuation versus frequency.
The power spectra from each window were averaged with those from adja-
cent scan lines at each depth to estimate the power spectra S0 and S1. The window
size was 64 × 20 pixels (1.2 × 2.0 mm2, 6 wavelengths × 5 point spread func-
tions, in depth × lateral directions under the speed of sound 1540 m/s and center
frequency 8 MHz). Adjacent analysis windows were overlapped both axially (80%)
and laterally (50%). The attenuation coeffcient was estimated using least-squares
method in the range 3–14 MHz (about −20 dB bandwidth). The length d2 − d1
was constant to 2.5 mm (13 wavelengths).
5.2.5 BSC calculation
The BSC in the phantom was calculated by the reference phantom method [90] in
the frequency domain f as
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BSC1(f) =
S1
S0
BSC0 exp
[
4df(α1 − α0)
8.686
]
, (5.12)
where S1 and S0 are the mean power spectra obtained from the tissue and the
reference phantom, respectively, BSC0 is the theoretical BSC, d is the distance
between the transducer and central position of the analysis window, and α1 and
α0 are the attenuation coefficients of the tissue and reference phantom, respec-
tively. Note that the exponential term dictates attenuation compensation. The
constants α0 were taken as the mean of the analyzed attenuation coefficient (0.81
dB/cm/MHz) in the reflector method (same as the acoustic coupler measurement).
In contrast, the attenuation coefficient α1 equaled to the calculated mean values
at the dermis and hypodermis in each patient data in the spectral log-difference
method. 2wt% agar-based phantom including 10 µm acrylic particle (MX-1000,
Soken) with 5wt% were used as the reference data. BSC0 was calculated based on
the Faran model [95]. Here, the BSC0 was computed using the known parameters
of the Faran model: speed of sound through the particles = 2700 m/s, particle
density = 1.19 g/cm3, Poisson coefficient = 0.35, particle diameter = 10 µm, speed
of sound in the surrounding medium = 1500 m/s, medium density = 1.0 g/cm3;
and volume fraction = 5%.
The local window condition was same as mentioned in the attenuation anal-
ysis in Section 5.2.4. Also, the parameters of ESD and EAC were also estimated
under the same theory on Section 2.2.5 in the frequency range 3–13 MHz.
5.3 Results
Figure 5.3 displays the log-compressed amplitude envelope and CFAR processed
image for progressing the ISL stages 0 to late II. The hyperechoic layers, i.e.,
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Figure 5.3: Spatial distribution of the amplitude envelope in dB scale (top) and
CFAR processed image (bottom). The title means the ISL stage. The percentage
means the connective fiber ration inside the hypodermis region.
dermis, got thicker from the ISL stages 0 to late II. Moreover, the contrast between
dermis and hypodermis layers is unclear for progressing the ISL stage. Besides,
the connective fibers in the hypodermis were unconfirmed with progressing the
ISL stage as shown at the bottom of Figure 5.3. The extracted regions in the
hypodermis were 4.79, 3.02, 2.44, and 1.17% for the ISL stage 0, I, early II, and
later II, respectively.
The mean of the dermal thickness and extracted connective fibers in the
hypodermis are shown in Figures 5.4(a) and (b). The thickness of the ISL stage
0, i.e., normal subject, was 1.34 ± 0.12 mm that was comparable to the previous
study (1.2 ± 0.2 mm) using ultrasonography measurement for the dermis at the
thigh of Japanese females [96]. In contrast, the dermal thickness of the diseased
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Figure 5.4: Mean of the dermis thickness and extracted connective fibers in the
hypodermis.
LE was averagely increased from 0.4 to 1.45 mm with progressing the ISL stages
I–late II. The CFAR processing extracted more 1.77–3.62% connective fibers in
the hypodermis for the ISL stage 0 than for the ISL stages I–late II.
The frequency dependence of the attenuation of the dermis and hypodermis
is shown in Figure 5.5. Each solid line with white and gray markers means the
mean and SD of the BSC at each frequency in a patient, and dotted lines are
mean and SD of them. The means of the attenuation in the hypodermis among
each patient had linear frequency dependence. Conversely, the mean attenuation
in the dermis showed non-linearity for the frequency changes despite the ISL stage
0. The SDs of the attenuation in the dermis were constant to several 5 dB/cm
regardless of the ISL stage. Also, the SDs of the attenuation in the hypodermis
decreased from 10 to 5 dB/cm within the range 3 to 14 MHz, but overall this
frequency dependence was comparable among the ISL stage difference.
The frequency dependence of the BSC of the dermis and hypodermis is also
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Figure 5.5: Frequency dependence of the attenuation in the dermis and hypoder-
mis. Each solid line with white and gray markers is mean and SD of each patient
data, and each dotted line is mean and SD among each patient statistics.
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shown in Figure 5.6. Each solid line with white and gray markers means the
median and IQR of the BSC in a patient, and dotted lines are mean and IQR
range of them. The median of the BSC from all patients in the dermis averagely
increased (3.5–6.8 × 10−4 mm−1 sr −1 and 2.8–5.8 × 10−4 mm−1 sr −1 in the ISL
stage 0 and I, respectively) with increasing the frequency from 3 – 13 MHz as
shown in Figures 5.6(a-1) and (b-1). Compared to these BSCs, the ISL stages
early II and late II in the dermis averagely showed lower BSCs as 1.3–2.5 × 10−4
mm−1 sr −1 and 1.2–2.5× 10−4 mm−1 sr −1 within the frequency range 3–13 MHz
in Figures 5.6(c-1) and (d-1). Similarly, the BSCs in the dermis at the center
frequency 8 MHz for the ISL stages early II and late II were lower than those for
the ISL stages 0 and I; 1.9, 2.1, 0.7, and 0.9 × 10−4 mm−1 sr −1 for the ISL stages
0, I, early II, and late II, respectively. The IQR in the dermis for the ISL stages
0 and I were more varied on average (2.7–3.0 × 10−4 mm−1sr −1 at 8 MHz) than
those for the ISL stages early II and later II (1.2–1.4 × 10−4 mm−1sr −1).
Besides, the means of the hypodermis BSCs for the ISL stage 0 were lower
than those for the ISL stages I to late II as compared Figures 5.6(a-2) with (b-2)–
(d-2); 0.86, 0.14, 0.23, and 0.19 × 10−4 mm−1 sr −1 at 8 MHz. In contrast to the
variability of the dermis BSC, the IQR in the hypodermis for the ISL stages 0 and
I were less varied on average (0.15–0.26 × 10−4 mm−1sr −1 at 8 MHz) than those
for the ISL stages early II and later II (0.35–0.43 × 10−4 mm−1sr −1).
Figure 5.7 illustrates the scatter plots of the QUS parameters to visualize
the potential of these QUS parameters for characterizing the ISL stage. The
decision boundary (black dot line) was calculated using a logistic regression model
to classify less than the ISL stage I (0) or more than the ISL stage early II (1) as
well as less than the ISL stage 0 (0) or more than the ISL stage I (1). Figure 5.7(a)
shows a good separation between the dermis thickness and connective fiber ratio
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Figure 5.6: Frequency dependence of the BSC in the dermis and hypodermis.
Each solid line with white and gray markers is median and IQR of each patient
data, and each dotted line is mean and IQR among each patient statistics.
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Table 5.3: Mean and SD of the QUS parameters among patients in each ISL
stage. Note that AC is attenuation coefficient.
in the hypodermis. Although two data overlap exists in the range of the thickness
between 1.5 and 3 mm, the B-mode texture has the potential for the classification
between the ISL stages 0 and I as well as the ISL stages I and early II. Also, Figure
5.7(d) shows this classification, however overlap is visible for values. The others of
two pairs show the results obtained by the attenuation coefficient analysis [Figure
5.7(b)] and the ESD estimation [Figure 5.7(c)]. Overall, the decision boundary
between the ISL stage 0 and I is unsatisfied in Figures 5.7(b) and (c).
Table 5.3 summarizes estimated QUS parameters in each ISL stage. Five
QUS parameters show that the progress of the LE had thicker dermal thickness,
less connective fibers in the hypodermis, lower ESD and EAC in the dermis, higher
EAC in the hypodermis.
The receiver operating characteristic (ROC) curves for each QUS parameter
and for several combinations of QUS parameters were obtained using the logistic
regression analysis to quantify the accuracy of the classification as shown in Table
5.4. The results indicate that by using dermal thickness alone, good classification
performance can be obtained with an area under the curve (AUC) of 0.908. Sen-
sitivity (80%) and specificity (100%) were also excellent to discriminate between
ISL stage 0 and I. The moderate overlap among EACs in the dermis and hypo-
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Figure 5.7: Scatter plots of the QUS parameters for each ISL stage. The decision
boundary was calculated using the logistic regression analysis.
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Table 5.4: Classification performance analysis of the possibility of QUS parameters
to discriminate between ISL stage 0 (negative) and more than stage I (positive)
as well as between less than ISL stage I (negative) and more than stage early II
(positive). AUC, sensitivity, and specificity were obtained using logistic regression
analysis
dermis produced AUC values of 0.726 and 0.728, specificity 50% and 70%, and
sensitivity 100% and 88%. Combining dermal thickness, hypodermis connective
fiber ratio, and EACs in the dermis and hypodermis only marginally improves
the classification performance over dermal thickness (AUC 0.941, sensitivity 85%,
and specificity 100%). These classification performances by combining four QUS
parameters were also confirmed to discriminate between ISL stage ≤ I and ISL
stage ≥ early II (AUC 1.000, sensitivity 100%, and specificity 100%).
5.4 Discussion
This study investigated the performance of QUS assessment to characterize the
progress of the LE. Interestingly, some of QUS parameters (dermal thickness,
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connective fibers ratio in the hypodermis, EACs in the dermis and hypodermis)
were related to the ISL stage as shown in Figure 5.7 and Table 5.3. In addition,
these combinations for the classification between the ISL stages 0 and I can be
initially performed with high accuracy (AUC 0.941, sensitivity 85%, and specificity
100% in Table 5.4). Thus, QUS assessment has the potential to quantify the early
stage of the LE. BIS has also reported being a useful tool for the detection of
the early stage [7, 8, 9], however the point of focus is to evaluate the bilateral
difference especially in unilateral breast cancer. Ultrasound assessment might
excel to provide absolute information in each unilateral difference of the thigh.
One of the surgical treatments for better control of the LE, e.g., LVA, has
been recognized as efficient especially from ISL stages I to III [4, 5, 6]. In clinical
examinations, the severity of the LE identifies once before the operation, and the
repeatable and quantitative assessments of the LE control are not presented in the
post-operation. Moreover, the performance of the long term therapy such as the
lymphatic drainage massage, which has not yet proved sciential benefits for better
control of the LE, can be easily assessed in the area of nursing science. Hence,
QUS assessments might be useful to continuously evaluate the better control of
the LE such as the changes from the ISL stages I to 0.
The accuracy of the attenuation estimates in this study is described in the
comparison to the previous studies in Figure 5.8. Looking first at the compar-
isons of the attenuation in the dermis and hypodermis, this study in Table 5.3
showed the attenuation coefficient in the dermis and hypodermis at the in vivo
human thigh (ISL stage 0) of 0.88 and 1.07 dB/cm/MHz in the range of 3–14
MHz. The attenuation coefficient of the dermis is different from earlier results
[37, 33], where a higher value of the attenuation coefficient has been reported for
the dermis. Raju et al. have reported the spectral shift technique to estimate in
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vivo human forearm attenuation coefficient (median) in the dermis and hypoder-
mis of 2.11 and 1.84 dB/cm/MHz in the range 14–50 MHz and 14–34 MHz [37].
The other researcher has also applied the spectral shift technique to compute the
attenuation coefficients for the dermis and hypodermis [33]; the estimated atten-
uation coefficients of 2.97 and 1.17 dB/cm/MHz at 40 MHz. One of the most
insufficient prospects in the attenuation calculation is assumed to be the constant
BSC at the dermis and dermis–hypodermis boundary in Equations 5.9 and 5.10.
Although the dermal thickness of the normal subject was 1.3 mm as shown in Fig-
ure 5.4(a), the analysis window length for the attenuation coeffcient calculation
was axially 1.2 mm (6 wavelengths). This should cause including the signals from
dermis–hypodermis boundary in the distal edge of the window against those from
mid-layer of the dermis in the proximal edge of the window. The difference of the
BSC is considered to be approximately 10–20 dB on average between the normal
dermis and hypodermis as mentioned in the previous study [37]. The power of the
attenuation in the normal subject also biased with 10 dB against the progressed
LE as shown in Figure 5.5. Hence, it is considered that the error of the attenu-
ation coefficent estimate presents with the short thickness in the normal dermis.
The much shorter length is unrealistic against the suggested window length (10
wavelengths) with low estimate bias and variance (< 10%) [31], as well as much
longer length is difficult to calculate the dermal region.
Another reason for the most significant differences of the dermal attenuation
coefficient between the current and the previous studies is the difference of the
used frequency range. The nonlinearity of the attenuation in the skin tissue might
be caused by increasing the frequency. Bridal et al. [35] indicates the frequency
dependence coefficient n (in α = αnf
n) in the range 11–27 MHz is inversely corre-
lated to collagen bundle thickness in the dermis obtained with the histopathological
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Figure 5.8: Comparison of the frequency dependence of the attenuation in the
dermis (a) and hypodermis (b) with the current and previous studies [37, 33, 97].
analysis (r=−0.67, p=0.002); in this case, n varies from 1.5 to 2.5. The current
study used the linear approximation to estimate the attenuation coefficient in the
dermis and hypodermis. Hence, the underestimation of the attenuation coefficient
could occur if the nonlinearity presented in the higher frequency range than the
currently used frequency.
Figure 5.9 also compares the BSC estimates of this study with the previous
studies [36, 37, 56]. It is difficult to compare them at the same frequency range,
however looking first on the BSC of the dermis at 13 MHz; 6.8 and 2.5 × 10−4
mm−1 sr −1 of the current study with the ISL stage 0 and early II; 98.3 and 10.4
× 10−4 mm−1 sr −1 of ex vivo human dermis with the ISL stage 0 and early II
[56]; and about 80.0 × 10−4 mm−1 sr −1 of the previous in vivo characterization
[37]. Interestingly, the relative difference of the BSC of the ISL stage early II had
correspondence between ex vivo (89% lower against stage 0) and in vivo (63%
lower against stage 0) comparisons. Furthermore, the features of increasing BSCs
in the hypodermis with the progress of the LE are qualitatively corresponded to
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Figure 5.9: Comparison of the BSC in the dermis (a) and hypodermis (b) with
the current and previous studies [37, 36, 56].
the previous echogenicity based assessment [21, 23]. In contrast, the current study
was overall 93% underestimated against these previous studies on the dermal BSC
of the normal subject (the ISL stage 0). This underestimation was also confirmed
on the BSC of the hypodermis in comparison to the current study with ISL stage
0 (0.26 × 10−4 mm−1 sr −1) and previous study with normal subjects (about 6.0
× 10−4 mm−1 sr −1). One of the most significant bias is considered to be the
different situation to measure the in vivo test and reference phantom data. The
current in vivo study used the acoustic spacer to increase the visuality from the
dermis to hypodermis, however the reference phantom was directly measured via
an ultrasound gel. The over-energy loss and different beam diffraction might be
caused in the signal from the acoustic spacer versus reference phantom. Thus, it is
necessary to acquire RF data under the same measurement situation both in vivo
and phantom cases.
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6 Application of ultrafast PWI:
stationary cases
6.1 Introduction
Quantitative outcomes diagnosed by ultrasonic imaging are challenging because
clinicians rely on the relative echogenicity and B-mode texture of the imaging
system. These features depend on the system setting and signal processing method
in the applied ultrasound scanner.
QUS assessment based on ultrasound backscattering properties such as the
BSC can characterize liver fibrosis, lymph node metastasis, prostate cancer, and
a range of other biological disorders [98, 86, 31, 32, 99]. Theoretically, the BSC
includes the scatterer structure information, such as the diameter, shape, concen-
tration, and acoustic impedance contrast (against the background) of the scatter-
ers. In practice, the BSC is also calculated by calibrating the system properties
and compensating the attenuation in the wave propagation. Thus, it can charac-
terize biological tissues by a quantitative parameter that does not depend on the
clinicians’ skills and the system settings.
Before analyzing the BSC for QUS assessments, the computed BSC must
be validated and its variation clarified on a clinical ultrasound scanner. Such
validations in the homogeneous scatterer structure have been made on laboratory-
made scanners with several single-element concave transducers, and on several
clinical scanners with linear probes [100, 101, 102].
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Figure 6.1: Comparison of different transmission and reception sequences for
beamforming
Conventional ultrasound imaging is based on FI with line-by-line formation
as shown in Figure 6.1; however, this technique requires the numbers of trans-
missions and receptions of the ultrasonic waves. Consequently, its rate is limited
to several tens of frames per second. In biological tissues containing fast-moving
particles, such as vessel walls enclosing flowing fluids, frame rates over 1000 Hz are
desired for precise temporal characterization over several seconds. One solution for
ultrafast imaging is the parallel beamforming technique using PWI [103, 104, 105].
BSC calculations based on PWI have been applied to isotropic scatterers in vitro
[45, 106], and to anisotropic scatterers such as red blood cells ex vivo [45].
In this study, we investigate how the BSC varies in different scanners, probes,
and beamforming methods in the homogeneous medium. The novelty of this study
is to confirm these validations systematically as compared to previous studies
which used several single-element concave transducers and several clinical scan-
ners with linear probes. In addition, the spatial feature such as the depth depen-
dence of the BSC variations is particularly verified in the comparison between FI
and PWI. For comparing the BSCs in different systems, we employed ultrasound
scanners with two single-element concave transducers and five linear phased array
transducers at low and high frequencies. Furthermore, we confirmed the possibility
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of PWI in BSC analyses (QUS assessments) of biological tissues with fast-moving
particles.
6.2 Materials and methods
6.2.1 Homogeneous phantoms
Four tissue-mimicking phantoms those have homogeneous scatterer distribution
were molded in a rectangular case (width × length × height = 8 cm × 2 cm ×
4 cm) made from acrylonitrile butadiene styrene. The width–height sides of this
case were retained at 0℃ until the enclosed solution had solidified. The solution
was mainly composed of 2 wt% agar (A1296, Sigma-Aldrich, MO, USA) and de-
gassed purified water. Each phantom also contained spherical scatterers with a
mean diameter of 20 µm (MX-2000, Soken, Aichi, Japan) or 30 µm (MX-3000,
Soken, Aichi, Japan), prepared at a concentration of 0.5 or 2.0 wt%, respectively.
Assuming the single cell size around 10–30 µm [107], we used those particles as a
scatterer with diameters similar to the diameters of the single cell. The phantoms
containing the 20 µm-diameter scatterers at volume fractions of 0.5 and 2.0 wt%
are called phantoms I and II, respectively. Meanwhile, those containing the 30 µm-
diameter scatterers at volume fractions of 0.5 and 2.0 wt% are called phantoms
III and IV, respectively. RF data were collected along the width–height plane in
each phantom by four scanners (see Table 6.1).
6.2.2 Data acquisition using laboratory-made scanner
3D RF data were acquired by a laboratory-made ultrasonic scanner [52] (scanner I)
with two single-element concave transducers [transducer I (Model V326, Panamet-
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Table 6.1: Profiles of ultrasound scanners with transducers and linear probes in
this study.
rics，WA, USA) and transducer II (Model V328, Panametrics, WA, USA)]. The
focus depths and aperture diameters were 50.8 and 9.5 mm (f-number 5) respec-
tively in transducer I, and 19.3 and 9.5 mm (f-number 2) respectively in transducer
II. Both transducers were excited by a pulser/receiver (Model5800, Panametrics，
WA, USA). The energy level of the pulser was 12.5 µJ in transducer I and 25 µJ
in transducer II. The cutoff frequencies of the low- and high-pass filters in the
receiver were 1 and 35 MHz, respectively. The RF echo signals were digitized to
12 bits and sampled at 100 MHz using an oscilloscope (HDO6104, Lecroy, NY,
USA).
The transducer was mechanically scanned in the lateral and slice directions
along the three-axis linear motor stage (MTN100CC, Newport, CA, USA). The
scanning pitch in both the lateral and slice directions was 100 µm in transducer
I and 50 µm in transducer II. In each phantom, the collection volume of the 3D
RF data was 4,096 × 151 × 151 pixels (depth × lateral × slice directions) in
transducer I and 4,096 × 301 × 301 pixels in transducer II. This gate length
included an approximate depth of 30 mm from the surfaces of the phantoms. All
phantoms were sunk in degassed water at 20–23℃, and the RF data were analyzed
using scanner I.
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6.2.3 Data acquisition using modified clinical scanner
We also compared the different system properties using the beamforming method
of FI with two modified conventional clinical scanners (also shown in Table 6.1).
Scanner II was equipped with linear probes I and II (with center frequencies of 5
and 12 MHz, respectively), while scanner III used linear probes III and IV (with
center frequencies of 7 and 10 MHz, respectively). Both scanners collected the
beamformed RF data to 16-bit accuracy at a sampling frequency of 40 MHz in
scanner I and 50 MHz in scanner II. The beamforming method operates as a black
box.
To verify the efficiency of beamforming with ultrafast PWI, we additionally
compared the performances of the FI and PWI beamforming methods using a
research-platform scanner (scanner IV) and a linear probe V [108] with a center
frequency of 7.5 MHz. The element pitch and element number of probe V were
0.2 mm and 192 channels, respectively. The pulse-duration cycle was 1.5 cycles in
excitation mode. In FI, the transmission aperture was 16 channels and the raster
number was 96. In PWI, each frame was generated by activating 96 channels.
In each transmit-receive event, 24 focused receiving beams were created. The
same procedure was repeated 4 times and, consequently, 24 × 4 = 96 receiving
beams were obtained in each frame. This scanner collected the pre-beamformed
RF channel data, which were converted from analog to digital signal at a 31.25-
MHz sampling frequency and a 12-bit quantization factor. RF channel data were
beamformed by the delay-and-sum method with a constant reception aperture of
f-number 2 [109], then optically filtered by apodization using a Hanning window.
All phantoms were placed on the acoustic board at room temperature (23
℃). In each experiment using scanners II to IV, the linear probes were grasped
with a probe holder, and contacted on the phantom (approximately on the center
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slice). All measurement parameters that might affect the RF data, such as the
transmission power, reception gain level, and line averages, were fixed in each
phantom experiment.
6.2.4 Speed of sound and attenuation coefficient analysis
The speed of sound and attenuation coefficient of each phantom were computed
using the reflector model [110]. The RF data were collected under the same condi-
tions as scanner I with transducer I. The phantom was placed on an acrylic board,
which behaved as a reflector. Briefly, let us consider two independent RF echo
signals RFp and RFref in the measurements with and without the phantom, re-
spectively. The time-of-flight (tref−tp1)/(tp2−tp1) for the sound-speed calculation
was based on the propagation peak-to-peak delay time: tp1 and tp2 are the times-
of-flight from the transducer to the phantom surface and from the transducer to
the reflector surface, respectively, and tref is the time-of-flight from the transducer
to the reflector surface without the phantom. The speed of sound in the phantom
was then computed as Cref (tref − tp1)/(tp2− tp1), where Cref is the speed of sound
in degassed water at 20℃. The total attenuation in the phantom αp in dB/mm
was computed from the normalized power spectrum as follows:
where Sp and Sref are the power spectra of echoes from the phantom–reflector
boundary and the degassed water–reflector without the phantom, respectively, at
frequency f and depth position d. Finally, the attenuation coefficient α0 was
calculated as the slope of the linear equation αp (f) = α0 f 1 + b using the least-
squares method. The useful frequency bandwidth was 3–7 MHz (approximately
−6 dB).
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Table 6.2: Parameters of the localized BSC analysis in each scanner, transducer,
and probe.
6.2.5 BSC analysis
The transducer and probe parameters for each BSC calculation are summarized in
Table 6.2. Considering the variance in the sound field, the ROI in the depth direc-
tion was limited by removing the near-field region that depended on the transducer
and probe. Note that the depth fields of view of the single element transducer and
the linear probe were 5–30 mm and 5–35 mm, respectively. In all systems, the ROI
in the lateral direction was also restricted to ± 9.6 mm of the centerline. The BSCs
in the local ROI region of the phantom were analyzed in a rectangular window
constructed for that purpose. The size of the analysis window also varied among
the systems (see Table 6.2). The analysis window was swept in 3D in scanner I
and 2D in scanners II to IV.
A specific number of RF data pixels in each scanline were gated by a Han-
ning window function, Fourier transformed, and squared to calculate the power
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spectrum in the frequency domain. It was assumed that all RF segments inside
an analysis window had the same speed of sound c (1500 m/s).
The BSC in the phantom was calculated by the reference phantom method
[90] in the domain of wavenumber k as
BSCa(k) =
Sa
Sr
BSCr exp
[
4dkc(αa − αr)
8.686 · 2pi
]
, (6.1)
where Sa and Sr are the mean power spectra obtained from the analysis and the
reference phantom, respectively, BSCr is the theoretical BSC, d is the distance
between the transducer and central position of the analysis window, and αa and
αr are the attenuation coefficients of the analysis and reference phantoms, respec-
tively. Note that the exponential term dictates the attenuation compensation.
The constants αa and αr were taken as the means of the analyzed attenuation
coefficients in each phantom. These attenuation coefficients equaled to the calcu-
lated mean values of αp. The data of phantoms I and II were used as the reference
data in the analyses of phantoms III and IV, respectively. BSCr was calculated
based on the Faran model [95]. Here, the BSCr was computed using the known
parameters of the Faran model: speed of sound through the particles = 2700 m/s,
particle density = 1.19 g/cm3, Poisson coefficient = 0.35, particle diameter = 20
µm, speed of sound in the surrounding medium = 1500 m/s, medium density = 1.0
g/cm3; and volume fractions of 0.5% and 2% in phantoms I and II, respectively.
The calculated BSC in each transducer and linear probe was compared with
the theoretical BSC calculated by the Faran model (BSCfaran). BSCfaran was
computed under the same conditions as BSCr except for the particle diameter
(30 µm in the BSCr calculation). The mean deviation [dB] from BSCfaran was
calculated as the benchmark of the BSC variations among the scanners, as well as
among the transducers, probes, and beamforming methods. The mean deviation
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was defined as
Deviation =
1
BW
∑
finBW
10log
(
BSCa
BSCfaran
)
, (6.2)
where BW is the set of frequencies in the analyzed bandwidth (see also Table 6.2).
6.3 Results
The speed of sound [mean ± SD] in phantoms I, II, III, and IV was calculated as
1491 ± 0.6, 1488 ± 0.5, 1490 ± 0.5, and 1489 ± 0.5 m/s, respectively. Also, the
attenuation coefficients were respectively estimated as 0.12 ± 0.01, 0.16 ±0.01,
0.07 ± 0.01, and 0.13 ± 0.01 dB/cm/MHz.
Figure 6.2 displays the spatial distribution of the amplitude envelope in the
four scanners with each transducer or probe. The results of scanners I and II–IV
were normalized at amplitude envelopes of 1 µV and 5000 a.u., respectively. Both
the texture and echogenicity of the images depended on the depth position, which
differed among the transducers, probes, and beamforming methods. Figure 6.3
shows the averaged frequency spectra in phantoms I–IV, measured from 7.5 to 22.5
mm below the surface of the phantom along the centerline ± 9.6 mm in the lateral
direction of each image. Both the shape and bandwidth of the spectrum depended
on the system. The averaged amplitude envelope in each phantom is shown in
Figure 6.4. Plotted are the averages of the scanline data along the centerline ±
9.6 mm. The dispersion of the averaged amplitude envelope was several tens of
dB, and was depth-dependent except in transducer I.
First, we observed the depth dependence of the BSC variation (see Figure
6.5). The symbols and error bars are the medians and IQR at arbitrary depths of
the analyzed region respectively, and the dotted-dashed line plots BSCfaran. The
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Figure 6.2: Spatial distribution of the amplitude envelope in dB scale. The
triangle marker represents the transmission focus position. Note that the depth
positions of top side are 34.2 mm (a), 5.0 mm (b), and 0 mm (c)–(g).
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Figure 6.3: Frequency power spectrum of each transducer or probe in phantoms
I (a), II (b), III (c), and IV(d). Each spectrum was normalized at its maximum
power. The region of interest was located 7.5–22.5 mm in depth under the surface
of the phantom and along the center raster ± mm in lateral. A Hanning window
function was applied.
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Figure 6.4: Depth dependences of the amplitude envelopes of each transducer or
probe in phantoms I (a), II (b), III (c) and IV (d). Each amplitude envelope was
obtained as the mean envelope along the center raster ± 9.6 mm range in lateral.
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median BSC was within the IQR but differed at different depths. Moreover, the
BSC decreased (on average) with increasing depth below the phantom surface,
regardless of frequency bandwidth. Figure 6.6 shows the depth dependence of the
mean deviation between BSCfaran and the calculated BSC. Here, the symbols and
error bars represent the means and SDs of the deviations at different frequency
points. In all cases, the mean deviation [dB] was lower by approximately ±3 dB
in contrast to the depth position.
Second, we determined the total variation of the BSC and its deviation from
the calculated BSCs. Figure 6.7 shows the calculated BSCs in phantoms III and IV
using each system. The medians (symbols) and IQR (error bars) of the BSCs were
calculated overall analysis windows. The features of BSCfaran and the calculated
BSCs were similar in all systems, despite their different properties. The deviations
among the systems (presented as the means and SDs of the analyzed regions) are
shown in Figure 6.8. On average, the deviation was below 2.5 dB and also within
the SD range in all cases. Note that the SDs of the deviations were approximately
±2 dB in all cases.
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Figure 6.5: Depth dependence of the calculated BSC in each transducer or probe.
The symbols and error bars show the median and IQR at each frequency. The
dotted-dashed line represents the BSC calculated by the Faran model.
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Figure 6.6: Depth dependence of the mean deviation in dB scale between theoret-
ical and calculated BSCs in each transducer or probe. (a-1)–(d-1) Scanners I–IV
in phantom III, and (a-2)–(d-2) scanners I–IV in phantom IV.
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Figure 6.7: Calculated BSCs (median and IQR) in phantoms III and IV using
each scanner with a transducer or probe. The dotted-dashed line is the theoretical
BSC computed by the Faran model.
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Figure 6.8: Comparison of the mean deviations [dB] among the four scanners with
different transducers, probes, and beamforming methods.
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6.4 Discussion
Our study investigated the variations among the calculated BSCs of different sys-
tems in a tissue-mimicking phantom. The analyzed systems were four scanners
with two single-element transducers and five linear phased array transducers. In
addition, we confirmed the possibility of adopting PWI in BSC analysis with high
temporal resolution. As shown in Figures 6.2, 6.3, and 6.4, the received amplitude
envelope and frequency spectrum described different echogenicities and features
in each system. As the BSC can be calibrated using the system properties (such
as the sound pressure and directional effect of the ultrasound beam), the absolute
values are system-independent, as shown in Figures 6.5 and 6.7.
Although tissue-mimicking phantoms are assumed as homogeneous struc-
tures, the mean BSC and its deviation reduced with increasing depth (see Figures
6.5 and 6.6). Interestingly, this trend was not reflected in the depth dependence of
the amplitude envelope (cf. Figures 6.4 and 6.6). In contrast, this tendency may
not reflect the spatial BSC properties, because it is identical in phantoms III and
IV in all systems. A local mismatch between the expected (constant) and true
attenuation coefficients may influence the error in the attenuation compensation
term of Equation 6.1. Preferably, one should consider the spatial and dynamic
variability of the attenuation coefficient, using several techniques [67, 111, 44]
to compensate for the attenuation and calculate the BSC. Furthermore, more
practical tissue-mimicking phantoms with higher attenuation properties (> 0.5
dB/cm/MHz) and inhomogeneous scatterer structure are needed for validating
the BSC analysis in biological soft tissues. In particular, both the present and
previous studies [43, 112, 45] have not yet verified whether the reference phantom
is sufficient to compensate for the effect of different spatial resolution against the
inhomogeneous scatterer structure. Hence, we consider the study about the BSC
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analysis of the inhomogeneous structure is one of the challenges for the next step.
The size of the analysis window has a trade-off between estimation error
against theoretical BSC and spatial discrimination ability. The previous study
has indicated the optimal depth and lateral sizes of the analysis window, where
estimate accuracy and precision were lower than 10%, occurred at 4 times beam
width in lateral and 15 times spatial pulse length, respectively [113]. The number of
sampled signals, i.e., pixel size, is also important to control the SNR. An analysis
window with a size of approximately 2 × 2 mm2 satisfied the above-mentioned
condition in the present study, however the difference of the beam width and
pulse length, i.e., point spread function, for the depth direction might affect the
variation of the BSC in case constant size of the analysis window. Thus, the
relationship among the size of the analysis window, point spread function, and
BSC error in both homogeneous and inhomogeneous structures is also considered
to be verified.
The maximum mean deviation was 2.5 dB in all clinical scanners (Figure
6.8). Interestingly, the BSC results were equivalent (deviating by less than ap-
proximately ± 2.0 dB on average) among clinical scanners with different probes
and beamforming methods. Moreover, they were comparable to the theoretical
BSC calculated by the Faran model, and the 2.0 dB average difference was within
the SD range. In a previous analysis of four different clinical scanners with FI in
a phantom that mimicked rodent mammary tumors, the largest error (deviation
from the Faran model) was approximately 3.5 dB (noted as 33% in the reference)
[43]. As mentioned in previous studies [100, 44, 112], this variation may be sourced
from several mutually affecting factors: scatterer inhomogeneity of the phantom,
sound propagation, system settings, and the computational algorithm. Particu-
larly in the system settings, increasing the transmission power nonlinearly influ-
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ences the signal reception from the tissue. Harmonic components in the received
signal constitute a source of error in the reference phantom method [43]. Moreover,
increasing the pulse-duration cycle narrows the frequency bandwidth, indicating
that the useful frequency bandwidth is limited in BSC calculations. Therefore, it
is necessary to confirm the dependence or independence of the system settings in
BSC validations.
This study (also echo signal analysis) ensures the SNR in the phantom as
can be seen in Figures 6.2 and 6.3. If considered extremely lower SNR that equaled
to the system noise level (approximately lower than −60 dB), despite reproducing
lower concentration of 0.5% phantom, not only the BSC analysis but other mea-
surement techniques also have limitation. Moreover, the echo intensity extremely
lower than those from these phantoms is not a realistic model for the soft tissue.
Hence, it is difficult to discuss the effect of difference of transducers and beam-
forming methods due to total error in measuring and analyzing the echo signal
from soft tissue.
Another previous study investigated the effect of beamforming technique
(i.e., FI and PWI) on BSC calculations using one ultrasound scanner. This study
also reported a valid deviation (less than 0.26 dB on average) between the BSCs
obtained by FI and PWI [45]. Note that in the present study, the BSCs obtained
by FI and PWI differed by at most 0.85 dB (in phantom III, as calculated from
Figure 6.8). Although the PWI method is inferior to the FI method with respect
to the SNR, the BSC analysis was focused within −20 dB bandwidth as shown in
Figure 6.3. Thus, it is considered that this result is unaffected by a comparable
SNR between PWI and FI methods. Hence, we consider that the current study
confirms the efficiency of BSC computation using ultrafast PWI with high temporal
resolution. Furthermore, BSC analysis using PWI can potentially characterize
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biological soft tissues containing fast-moving particles.
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7 Application of ultrafast PWI:
circulation cases
7.1 Introduction
Ultrasound diagnosis method is efficient for early and noninvasive clinical evalua-
tion of arterial sclerosis related to diseases associated with adult lifestyle habits.
The backscattered signal from the most dominant scatterers in the vessel, ery-
throcyte, is related to the biochemical properties of the blood sample, e.g., the
hematocrit and the level of aggregation. Erythrocyte aggregation is associated
with the complex cellular interactions dependent on the size and concentration of
certain proteins in the plasma, the intrinsic deformability of the erythrocytes, their
glycocalyx, and the hematocrit [114]. The aggregative tendency of erythrocytes is
different among individuals as well as the phenomenon of the aggregation is mod-
ulated by the flow conditions. Hence, the relationship between physical and flow
patterns of erythrocytes must be comprehended. Diabetes [115], coronary artery
disease [116], thrombosis [117], and hyperlipidemia [118] are associated with ab-
normally high levels of erythrocyte aggregation. The noninvasive evaluation of the
dynamical erythrocyte aggregation has the potential for assessment of the several
biochemical properties.
The echogenicity level of the blood links to the erythrocyte aggregation
[119, 120]. As introduced in previous sections, the BSC is physical information
related to the absolute measure of the echogenicity to indicate a tissue’s mi-
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crostructure such as size and concentration. It has been shown that the frequency
dependence of the BSC for non-aggregated erythrocytes can be modeled by the
Rayleigh scattering theory and its 4th power (f 4) frequency dependence up to f <
30 MHz for hematocrit < 30% [121]. However, it has also been revealed that the
presence of densely-distributed erythrocyte causes a deviation of the backscattered
signal from that predicted by the Rayleigh scattering equation beyond the above
limit [122]. Hence, both the form factor and structure factor is theoretically im-
portant to model the BSC of the erythrocyte. One of the most typical models is
the structure factor size and attenuation estimator by assuming a hematocrit and
volume of the erythrocyte [123, 124].
For imaging and assessing dynamic biological tissues such as vessel wall and
erythrocyte, ultrafast frame rates over 1000 Hz is needed in order to achieve suf-
ficient time resolution. One way to realize ultrafast imaging is to perform parallel
beamforming together with PWI. The previous study has shown that PWI applies
to tissue characterization of ex vivo erythrocytes [45] on the frequency spectral
benchmarks such as the BSC. Another previous study using conventional FI has
revealed the temporal change of erythrocyte aggregation from rest to avascular-
ization phases, however only focused on long-time-variability around 10 sec with 1
sec temporal resolution [125]. Although the spatial feature of erythrocyte aggrega-
tion has visualized, the temporal resolution is limited to several 1 sec [124]. Until
now, high-temporal-scattering properties analysis during 1 sec pulsatile motion
has never shown in moving scatterers such as the erythrocyte.
This study developed high-temporal backscatter analysis method in order to
indicate both scattering and functional information in the same time phase. We
investigated the possibility of using PWI for the analysis of backscattering prop-
erties and fluid mechanics of moving scatterers: BMF circulation with constant
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flow and in vivo erythrocyte characterization in a common carotid artery with
the pulsatile motion. Moreover, the relationship between the BSC feature such as
effective scatterer size and local velocity was experimentally confirmed to study
the effect of the flow patterns for the ultrasonic backscatter property.
7.2 Materials and methods
7.2.1 Data acquisition and off-line processing
Channel RF data were acquired on two imaging methods: conventional FI and
PWI of 5 multi-angles (−1◦, ±5◦ ±10◦). Since single PWI of an angle occurs
decreasing both SNR and lateral resolution, compounded PWI of the migrated
frame at several angles is used for improving them. Channel RF data (40 MHz
sampling frequency and 12-bits digitization) were acquired at a pulse repetition
frequency of 5 KHz using a modified clinical scanner (SonixTouch, Ultrasonix)
and linear phased array transducer (L14-5, Ultrasonix) with a center frequency
of 7 MHz. For each transmission and reception sequence, channel RF data were
acquired from all array channels (128 channel) and stored within a 16-GB on-
board memory buffer. Conventional FI is based on line-by-line formation. Thus,
the transmission and reception number of FI, i.e., line density, was 256 at the
transmission and reception apertures of 64 and 32. Although the transmission
focused position was 20 mm depth in FI, an unfocused plane wave was used at
both transmission and reception apertures of 128 in PWI. Note that the frame
rate is 19 and 1,000 fps in FI and multi-angle PWI.
Finite impulse response (FIR) filter with 31-tap was initially applied for
each channel RF data to increase the SNR in the frequency range 5 to 14 MHz.
Post-beamforming was carried out using the delay-and-sum method at constant
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f-number of 2. The apodization used Hanning window function. The beamformed
RF data was divided on a pixel-by-pixel basis [depth 19 µm (1/40 MHz sampling
frequency/2× speed of sound 1500 m/s) × lateral 150 µm (38 mm/256 lines)]. A
frame of compounded PWI was migrated as the average of each beamformed RF
data in multi-angles.
7.2.2 Phantom experiment using BMF
We initially characterized a standardized BMF (Shelly Medical Imaging Technolo-
gies) in the carotid artery mimicking phantom with the healthy model. Figure
7.1 shows the schematic diagram in the measurement experiment. Briefly, this
phantom was constructed by the straight vessel tube (inner diameter: 6 mm) and
surrounding tissue parts. The specific protocol of phantom fabrication is described
by Chee et al [126]. The vessel tube was composed of (by weight); 15% polyvinyl
alcohol powder (341584, Sigma-Aldrich); 1.0% graphite powder (282863, Sigma-
Aldrich); 0.3% potassium sorbate (85520, Sigma-Aldrich); 83.7% degassed water.
The surrounding tissue was made from 2wt% agar–3wt% graphite based solution.
BMF that consists of ultrafine polyamide particles with 5 µm diameter (Or-
gasol 2001UDNAT1, Arkema) was flown inside a straight vessel phantom at differ-
ent constant flow rates from 0.2 to 10 mL/s. The in- and out-let connectors were
connected to a laboratory-made programmable pump system [127]. Linear phased
array transducer was fixed in the middle of the phantom for the long-axis.
7.2.3 In-vivo carotid artery measurement
Channel RF data were also obtained from the common carotid artery (long-axis)
of a healthy 25 years of age man. The measurement data on multi-angle PWI
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Figure 7.1: Schematic diagram of the flow circuit with carotid mimicking phantom.
were analyzed to indicate both ultrasonic backscatter and functional properties
during 1 pulsatile cycle around 1 sec. The ensemble average number was 10, i.e.,
temporal resolution of 10 ms. This study was approved by the institutional ethical
committee. The region of the inner vessel was manually segmented to focus on the
temporal variation of the erythrocyte aggregation.
7.2.4 Block matching analysis
First, clutter filtering (79-th, 100 Hz cut-off frequency) on the basis of FIR filter
was performed for the beamformed RF data to emphasize the signal from moving
scatterers. The filtered RF data was transformed to the amplitude envelope data
using Hilbert transform.
The local flow velocity was calculated using speckle tracking analysis based
on the block match method. The schematic diagram is represented in Figure 7.2.
The idea behind the block matching is to divide the current frame into a matrix
of macroblocks that are then compared with corresponding block and its adjacent
neighbors in the reference frame to create a vector that stipulates the movement,
i.e., velocity v (movement × frame rate), of a macroblock from one location to
another in the reference frame [128]. This movement calculated for all the mac-
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Figure 7.2: Schematic image of block matching.
roblocks comprising a frame, constitutes the motion estimated in the current frame.
The search distance p for a good macroblock match is constrained up to p pixels
on all four sides of the corresponding macroblock in the reference frame. This p is
called as the search parameter. The search parameter has trade-off relationship:
Larger velocity requires a larger p, and the larger the search parameter the more
computationally consumed. Conventional full search algorithm was used in this
study.
The matching of one macroblock with another is based on the output of a
cost function. The macroblock that results in the least cost is the one that matches
the closest to the current block. Mean absolute difference (MAD) of Equation 7.1
was used as the cost function
MAD =
1
N2
N−1∑
x=0
N−1∑
y=0
|Cxy −Rxy|, (7.1)
where N is the macroblock size (16 × 16 pixels, 1.2 × 2.4 mm2), Cxy and Rxy
are reference and current frames (square of the amplitude envelope domain) in
two-dimension. The matrix of the squared amplitude envelope was decimated by
the factor of 2 in the depth direction, i.e., 20 MHz sampling frequency. The search
parameter p was 7 pixels. Post-ensemble factor of 10, i.e., temporal resolution of
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4 ms, was applied to smooth the velocity profile.
Local and mean shear rates [SR and SR] for the radial direction r in the
vessel tube were computed from local velocity v(r) on Equations 7.2, 7.3, and 7.4.
v(r) = vmax
[
1−
( r
R
)n]
, (7.2)
SR(r) =
∂v(r)
∂r
= nvmax
rn−1
Rn
, (7.3)
SR =
2vmax
R
(
n+ 1
n
)
(7.4)
where vmax is maximum velocity at r = 0, R is radius of the vessel tube, and n is a
coefficient related to laminar flow. The flow pattern shows the laminar flow in n =
2, and turbulent flow due to erythrocyte aggregation [129] in n > 2. The coefficient
n was also estimated using the power law fit for the local velocity distribution to
confirm the flow pattern of moving scatterers.
7.2.5 Backscatter property analysis
The BSC was calculated using the reference phantom method [90] as mentioned
in Section 5.2.5. The reference phantom was 3wt% agar–0.2wt% silica gel phan-
tom. Here, its BSC was computed on mono-disperse fluid sphere with structure
factor model; particle diameter = 50 µm; acoustic impedance contrast 0.8; and
volume fractions of 0.2%. Acoustic properties were obtained using the transmis-
sion through method. The speed of sound and attenuation coefficient were 1496
m/s and 0.17 dB/cm/MHz. The analysis window size was 1.2 × 2.4 mm2 (64 ×
16 pixels in depth × lateral directions). A total of 64 pixels data in each scanline
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were divided by a Hanning window function, Fourier transformed, and squared to
calculate the power spectrum in the frequency domain.
Attenuation compensation [55] of the analyzed medium was also performed
in the multi-layer with constant attenuation coefficient 0.35, 0.2, 0.05 [130] dB/cm/MHz
of surrounding tissues, vessel wall, and inner vessel, respectively. These layers were
manually segmented on the amplitude envelope distribution. The temporal varia-
tion of the attenuation coefficient was assumed to be constant.
ESD 2a, volume fraction φ, and impedance contrast γz were estimated by
the model fitting of monodisperse fluid sphere with structure factor. The estimator
is based on derivative-free method to find a minimum of unconstrained multivari-
able [130]. This algorithm used MATLAB ”fminsearch” function under the initial
values [5, 1.8, 0.35] (a in µm, φ in %, γz) and searched range [0.1, 0.1, 0.3] to [20,
20, 0.4]. The estimated values were adopted in minimizing the cost function as
Cost(k) =
∑
i
[log10BSCmodel(ki)− log10BSCexp(ki)]2, (7.5)
where BSCmodel and BSCexp in the wavenumber k domain are monodisperse fluid
sphere with structure factor and experimental BSCs. The useful frequency range
for fitting was from 4 to 12 MHz (within −20 dB bandwidth).
7.3 Results
The example of spatial distributions of the amplitude envelope displays on Figure
7.3. The layer of surrounding tissues, vessel wall, and inner vessel were observed
as the different echogenicity. Especially in the inner vessel, the different texture of
the speckle pattern was obtained between conventional FI and multi-angle PWI
at Q = 2 mL/s.
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Figure 7.3: Example of the spatial distribution of the amplitude envelope.
Mean and SD of BSCs at each flow rate are shown in Figure 7.4. As compared
among the shift of mean value of conventional FI and multi-angle PWI, BSC
decreased with increasing in flow rate. In particular, the difference of mean value
shift between conventional and multi-angle PWI appeared on a higher flow rate
such as over 2 mL/s.
Figure 7.5 shows the examples of the vector flow imaging in flow rates of
2, 5, and 10 mL/s. The length of the arrow increased with increasing of flow
rate as compared among Figures 7.5(a)–7.5(c). The feature of the velocity was
also observed as radial distribution. Figure 7.6 describes the profile of the local
velocity, its power law fit, and shear rate. Corresponding to the trend in Figure
7.5, the local velocity had radial distribution. Moreover, the estimated coefficient
n was several 2.0, i.e., laminar flow pattern.
Figures 7.7(a) and 7.7(b) show examples of the spatial distribution of local
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Figure 7.4: Frequency dependence of the BSC in each constant flow rate. (a)
conventional FI and (b) multi-angle PWI. Each marker and error bar are median
and IQR.
Figure 7.5: Example of vector flow mapping at the vessel tube. The length of the
arrow shows the velocity.
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Figure 7.6: Calculated local velocity, its power law fit, and shear rate in the radial
position.
flow vectors with estimated scatterer size in low and high flow rates, respectively.
Flow vectors generally pointed the direction parallel to the vessel wall. Effective
scatterer diameter was higher near the wall. The averaged relationship among
estimated scatter size and fluid mechanics properties is shown in Figure 7.8. Mean
velocity and its differential for radial direction, shear rate, were also calculated
in each flow rate. Estimated scatter size decreased with an increase of flow rate,
mean velocity, and shear rate. Compared with the two methods, mean value shift
in multi-angle PWI method is more robust than conventional method.
Figure 7.9 display the spatial features during 1 pulsatile cycle of diastolic
to systolic phases: M-plane, B-plane, and estimated scatterer size / vector flow
mapping. As can be seen from the motion of the vessel wall, spatial features
both of scatterer size and vector velocity are uniformly different between diastolic
and systolic phases. Figure 7.10 shows the temporal variation of the estimated
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Figure 7.7: Spatial variation of the estimated scatter size and vector flow mapping.
Figure 7.8: Flow rate (velocity and shear rate) dependence of the estimated
scatterer size in conventional FI and multi-angle PWI. Each marker and error bar
are median and IQR.
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scatterer size and velocity in the same time phase. Mean velocity increased with
decreasing the scatter size in the systolic phase at 0.6 s.
7.4 Discussion
The accuracy is considered to be higher in multi-angle PWI than conventional
method especially in high flow rate, i.e, velocity. Conventional method receives
over-echo-signal at high velocity, in contrast, PWI can instantly collect spatial
information. As shown in Figure 7.3, the spatial distribution of original echo-
intensity reflects this consideration: Although expansive pattern shows in the con-
ventional FI method at high velocity, this tendency is unobservable in multi-angle
PWI. Let us consider the travel distance of a scatter within the region of the
analysis window as shown in Figure 7.11. Required time to scan this region is 80
ms in conventional FI, and 1 ms in multi-angle PWI. In case low velocity such
as 5 mm/s, travel distance both two methods is under PSF region. Hence, echo-
intensity is considered to be same between two methods. In case of high velocity
such as 90 mm/s, travel distance in the conventional FI method is over PSF and
analysis window region. Therefore, over-echo-intensity is considered to be shown
only in conventional FI method.
We can continuously and smoothly indicate independent parameters, scatter
size and velocity, in autonomic pulsatile motion within 1 sec using multi-angle PWI
method as shown in Figure7.9 and 7.10. The typical velocity of healthy common
carotid artery is from 40 to 100 cm/s and from 5 to 30 cm/s at systolic and
diastolic phases [131]. The current result in Figure 7.10 was comparable to the
above velocity scale. In contrast, estimated scatterer size was averagely larger
(about 500%) than typical size of an erythrocyte of several 10 µm [107]. Previous
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Figure 7.9: Spatial features of wall motion (a), amplitude envelope (b), and
scatterer size/vector flow mapping (c) in the diastole-systole cycle.
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Figure 7.10: Temporal variation of mean scatterer size and local velocity. Bold
and narrow lines are mean and SD.
Figure 7.11: Schematic diagram of the travel distance of a scatterer.
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study for ex-vivo pig erythrocyte characterization using ultrafast PWI has also
shown larger estimates of effective scatterer size around 40 to 80 µm [45]. It is
considered to be difficult to estimate with high accuracy of identical erythrocyte
size because of too smaller scatterer diameter in contrast to 7 MHz ultrasound that
we used for imaging frequency. The accuracy and precision of diameter estimates
depend on the ka range, where k and a are the wave number and scatterer radius.
It has been revealed that the range of 0.5 < ka < 1.2 (17 µm < 2a < 115 µm in
the frequency range of 5 to 14 MHz at speed of sound 1500 m/s) provides good
estimates [64].
The current analysis on the BSC estimates assumed to be constant attenua-
tion coefficient of moving scatterers without temporal changes. The BSC feature is
affected by the accuracy of the attenuation compensation function. The erythro-
cyte aggregation is appeared to be dominant of variation of the acoustic property
such as the attenuation coefficient [124]. An optimization method is also needed
to simultaneously estimate tissue attenuation.
Although the trend of larger scatterers near the wall and smaller scatterers
in the center of the vessel (shown in Figure 7.7) is considered to be related to
different scatterer aggregation and also different local flow velocity (shear rate) in
the vessel, we cannot conclude that this estimate is sure in BMF due to the presence
of the clutter signal from the vessel wall. However, previous study has shown
this trend for ex vivo erythrocytes (”black hole phenomenon” in the reference
[122]). Also, the spatial variation at a frame is larger (SD of several 10 µm) than
predictable erythrocyte aggregation size (several 1 µm scale) [115] nevertheless the
patient condition is not avascularization but rest. The BMF’s (also erythrocyte)
backscattering is relatively lower the imaging frequency 7 MHz (wavelength 214
µm) we used as compared to the previous study by Yu et al [123, 122] used 25
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MHz frequency (wavelength 60 µm). Hence, erythrocyte backscattering is strong
and low SNR would not be an issue in the previous study. The imaging frequency
for the carotid artery is several 7 MHz to visualize its function such as velocity and
wall shear stress. Therefore, more robust method of the BSC analysis is needed
to develop for assessment of low SNR cases. In the future, we need to verify the
accuracy and precision of estimates in moving scatterers with larger diameter as
well as using higher frequency ultrasound for erythrocyte aggregation.
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8 Conclusions and future works
8.1 Conclusions
The overall novelty of this study is the application of QUS and scanning acous-
tic microscopy techniques for tissue characterization of skin LE. The possibility
of characterization of edema, inflammation, and fibrosis is introduced as the tis-
sue information of the LE using backscattered echo signal analysis. The specific
conclusions of this study are as follows:
This study in Chapter 2 confirmed the frequency dependence of spatial dis-
tribution, attenuation, and BSC (in the range 9–47 MHz) in without- and with-LE
tissues. The attenuation coefficient between LE (−) and LE (+) with the ISL stage
early II indicates a similar tendency, which is comparable to that of those found
by a previous study of normal forearm dermis. The BSC in both LE (−) and LE
(+) increases linearly with any transducers. The tendency of the frequency depen-
dence of the BSC (median) in LE (−) in the range 10−3 to 10−1 mm−1 sr−1 is also
comparable to the results reported in the previous study of normal human dermis.
The difference of the intercept of the BSC between LE (−) and LE (+) is shown,
which indicates that both EAC and IBS of LE (+) are higher than that of LE (−).
These tendencies appear for any transducer with independent frequency band-
width. Envelope statistical analysis using HK and NA distributions parameters
[HK-1/(κ+1), HK-1/α, and NA - m] also show significant differences between LE
(−) and LE (+). These discriminative quantitative ultrasound parameters reveal
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that LE (+) has lower echogenicity, lower concentration, lower diffuse-to-total sig-
nal power ratio, and more homogeneity than LE (−). In addition, high-frequency
ultrasounds (> 10 MHz) in all transduces display different levels of echogenicity
and texture in the dermis of LE (−) and LE (+). Thus, we conclude that several
1 to 19 MHz ultrasounds are appropriate for the BSC and envelope statistical
analyses those consider the penetration depth of the ultrasound.
Few studies on acoustic characteristics such as the acoustic impedance of
skin with high-frequency ultrasound exist so far. This study newly calculate the
acoustic impedance using scanning acoustic microscopy measurement in Chapter
3. The analysis of the acoustic impedance at the center frequency of 68 MHz
indicated that both the mean and standard deviation of the acoustic impedance in
LE (+) (median values of mean and standard deviation of 1.67 and 0.05 MRayl,
respectively) were lower than those in LE (−) (median values of mean and standard
deviation of 1.77 and 0.09 MRayl, respectively). These differences in the average
and variation of the acoustic impedance (actually spatial similarity of the acoustic
impedance contrast in the mathematical theory) must provide different ultrasound
backscattering properties.
Considering the relationship between tissue microstructure and ultrasonic
backscattered signal, fiber tissues such as collagen and elastin are recognized as
one of the most dominant scatterers in the skin. Hence, this study on Chapter
3 additionally characterized the physical and morphological properties of the mi-
croscopic fiber tissues using the digital histopathological image. Accordingly, the
morphological features between LE (−) and LE (+) are comparable in all bench-
marks (number density, fiber thickness, and spacing of stroma) of the dermis.
These variations of benchmarks are dependent on the patient (sample).
Our study on Chapter 4 newly developed the integrated methods to compare
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the BSC based on different spatial features from backscattered signals, acoustic
impedance, and histopathological images. The different feature in the 2D Fourier
transform of the acoustic impedance contrast must provide different ultrasound
backscattering properties. As the results, the relative differences of the BSC were
experimentally and theoretically comparable between LE (−) and LE (+). The
medians both of experimental IBS and EAC are positively correlated with those of
predicted values from both acoustic impedance and histopathological images. The
differences of the microscopic spatial patterns of both acoustic impedance contrast
and histopathological structures reflected the macroscopic ultrasound backscatter-
ing properties of LE skin dermis. Assuming the presence of more inflammation
and edema (the ISL stage early II) in LE (+) than LE (−), this factor is related to
different scatterer composition with much water and protein. Thus, the effect of
backscattering from fiber-stromal tissues LE (+) is considered to be weaker than
LE (−) because of less concentration in tissues of LE (−).
As a preliminary study for receptive, repeatable, and quantitative assessment
of the progress LE, in vivo QUS initially applied using the conventional ultrasound
scanner with a high-frequency linear probe on Chapter 5. The relationship of QUS
parameters was confirmed in comparison to the conventional staging method, that
is, the ISL stage. The dermal thickness, connective fiber ratio in the hypodermis,
and EACs in the dermis and hypodermis were respectively related to the ISL
stages 0–late II. The ability of QUS parameters based on the ultrasonic backscatter
properties was also evaluated using ROC curves to differentiate the LE severity.
An area under the ROC curve 0.941 with sensitivity 85% and specificity 100% were
obtained to discriminate the subjects with the ISL stages 0 and I by combining
dermal thickness, hypodermis connective fiber ratio, and EACs in the dermis and
hypodermis. Hence, these in vivo QUS methods potentially can be valuable for
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detecting an extremely early stage of the LE and following its condition.
This study on Chapter 6 validated the BSC variations among four ultrasound
scanners with two single-element transducers and five linear probes. The calculated
BSCs were independent of both system settings and beamforming methods. The
calculated BSC in each system was equivalent to the theoretical BSC (with a
maximum mean deviation of 2.5 dB). A similar difference (maximum error 3.5 dB)
was reported in a previous study of BSC calculations using four different scanners.
Furthermore, the BSC in PWI was similar to that in other beamforming methods
such as FI, indicating the feasibility of BSC analysis using PWI at ultra-high frame
rates.
As a preliminary study for high-speed QUS assessment, we investigated the
possibility of using PWI for the analysis of backscattering properties and fluid
mechanics of moving scatterers on Chapter 7: BMF circulation and in vivo ery-
throcyte in the common carotid artery. From the results of the phantom exper-
iment approach on constant circulation of the BMF, multi-angle PWI had more
robust than conventional FI especially in analyzing scattering properties with high
velocity. Moreover, high temporal resolution analysis could visualize in-vivo ery-
throcyte features of the scatter size in an autonomic motion of the common carotid
artery from diastole to systole.
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8.2 Future works
This study will proceed to quantitatively diagnose the severity of LE, and discrim-
inate between edema and LE by in vivo QUS imaging. Strategies for future works
are as follows. Ex vivo characterization in this study is one of the initial attempts
to evaluate LE tissues. In vivo QUS results would have increased the enthusiasm
about studies, although these studies do not allow for a comparison with acoustic
microscopy. It is likely that in vivo scanning would allow for an increased number
of cases to be analyzed though. Our in-vivo clinical study is ongoing to collect
radio-frequency data from patients with screening LE (the content in Chapter 5
was part of the study). In future works, we will report in-vivo QUS findings com-
promised with more subjects by considering this ex vivo study. Furthermore, the
observation of lymphoscintigraphy and ICG lymphography combines toward an
understanding of the mechanism of LE.
Ultrasound elastography could also give potential information to assess LE
differences of the stiffness. Data acquisition for QUS and ultrasound elastography
analyses is independent due to the system limitation, however, our in vivo study is
ongoing in parallel. The feature of shear wave speed (also young modulus) should
be compared to the thickness of the dermis and mechanical properties such as
viscoelasticity.
The well-function of the lymph channel is important to prevent progressive
LE. An initial study for imaging the function of the lymph channel is proposed
from our groups [132]. A phenomenon of the translation of ultrasound contrast
agent microbubbles driven by the acoustic radiation may visualize lymph channel
with low (< 1 cm/s) velocity, which is difficult in the ultrasonic Doppler method.
Other noninvasive imaging methods such as photoacoustic, bioelectrical, and
optical coherence tomography could be combined with QUS features to conduct
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on tissue characterization independently. It means ultrasonic, optical, and electri-
cal methods provide different information about the tissue microstructure and its
quality. In particular, photoacoustic lymphangiography, which is based on photoa-
coustic measurement technique, can provide the 3D observation of each lymphatic
channel and physiological state of the vessel under ICG injection [19]. An electrical
impedance spectro-tomography may also quantify the amount of albumin related
to the symptom of early LE [133].
Although QUS technique usually uses 2D spatial information until now, high-
frame-rate imaging and 2D matrix linear array transducer enable to collect much
data volume with high temporal resolution. The use of a next data acquisition
system makes more accurate 3D tissue characterization for inhomogeneous and
complicated tissue structures.
3D scatterer distribution model will enable to detect scatterer sources and
to estimate tissue-based form factors as same as the acoustic impedance map-
based model. The comparison between experimental and predicted BSCs from
fiber tissues has still limitations with the relative displacement on average and
variance as described in this study. The validation in the simple structure such as
composed of spherical scatterers is needed to examine the correspondences among
experimental, predicted, and theoretical BSCs. More fundamental studies of the
experimental approach using tissue-mimicking phantoms and computer simulation
may suggest the relationship between experimental and predicted BSC properties.
In future works, we aim to further develop robustness of the BSC analy-
sis algorithm tuning with fastness. Furthermore, computational simulation will
be introduced to study the theoretical relationship between flow patterns and
backscattering properties.
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